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Thesis Abstract
Objective: There is an ever growing body of literature which endorses the view that sleep 
evolves with normal aging and also modified by being either a man or woman. Changes in 
sleep patterns have been consistently described from childhood, through adolescence, 
adulthood and into old age, with sleep continuity measures seen to  decline with aging and 
to a greater extent in men compared to women. However, when sleep is evaluated using 
subjective means, elderly women are more likely to report poor quality sleep compared to 
men. We evaluated the subjective (self-reported) and objective (polysomnographic and 
EEG power spectra) of 181 healthy subjects under normal and experimental challenge by 
traffic noise with three defined aims; firstly, to describe the nature of aging and sex-related 
effects upon sleep. Secondly, to evaluate the inter-relationship between objective (PSG & 
spectral) and subjective (self-reported) measures of sleep. Finally, to assess the influence 
of these age and sex upon sleep propensity when sleep is experimentally challenged (ESP).
Methods: Subjective and objective sleep data from two sister studies were subjected to an 
exploratory analysis. Polysomnographic measures were derived using standard evaluation 
methods (R&K guidelines), with EEG power spectra measures up to 32.0 Hz computed from 
artefact-free manually scored REM and NREM sleep epochs. Effects by aging, sex, EEG 
topography, model (ESP) or by interaction were evaluated using two-way unbalanced 
ANOVA (chapter 3) or with a correlated-errors method (chapters 4 & 5). The Cohen's d 
statistic (effect size) contrasted the magnitude of the differences in EEG power density 
values of young subjects versus older subjects or between sexes. Finally, estimates of the
age-related changes to polysomnographic measures across the adult life course were 
modelled using a logistic regression method (chapter 6).
Results: Objective measures were more sensitive to the effects of both aging and sex than 
subjective measures, with age-related trends indicating that the sleep of men was subject 
to greater modification over the adult life course, compared to women. Declines in delta 
and theta EEG power were evident, with concomitant increases in alpha, sigma and beta 
frequencies with aging, across all topographic regions in men, a response which was absent 
in women. Interestingly, the effects of aging upon quantitative EEG measures in NREM 
sleep was "topographically global" in men, but "regional" in women. In REM sleep, both 
men and women exhibited more regional loci for effects, although in women, effects were 
prominent in anterior (frontal) derivations, with men being more posterior (occipital) 
derivations. ESF did elicit an age, sex and model interaction for total sleep time (TST) and 
self-reported wake after sleep onset (sWASO). These results suggested that ESF reduced 
TST in young women, with less modification to total sleep seen in older women, with older 
men subjectively reporting more wake episodes following sleep onset than women. 
Likewise, ESF effects upon REM sleep elicited a markedly variable electrophysiological 
response in women relative to men.
Conclusions: Objective measures of sleep were more sensitive than self-reported measures
to the effects of aging and sex, but also illustrated that the sleep measures vary
predominantly along aging lines with sex-specific effects being more subtle. Furthermore,
vi
the sex-specific effects upon REM sleep may contribute to the predisposition of insomnia 
symptoms reported by women.
With known contributing factors excluded from our clinical population (e.g. pathology, 
societal pressures and comorbid conditions), our results indicate that the normal evolution 
of sleep elicits changes in perceptual and electrophysiological parameters, consistent with 
insomnia. As such, education of the "perceptual nature" of the evolution of sleep and the 
application of psychological therapies for insomnia (e.g. CBT-I) may provide a better long 
term management of this disorder.
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CHAPTER ONE
General Introduction
1.0 Chapter Outline
This first chapter describes the context under which the present research was conducted 
and attempts to delineate why an increased understanding of the effects of age and sex 
(gender) upon objective and subjective sleep measures is of importance to current sleep 
research. A brief introduction will establish the core themes of the thesis, namely the 
theories of sleep and sleep in women. Finally, the chapter concludes with a basic literature 
review of age and sex differences in slow wave sleep in healthy individuals.
1.1 Thesis Synopsis
There is an ever growing body of literature which endorses the view that sleep evolves with 
normal aging and also between sexes. Changes in sleep pattern are consistently described 
from childhood, through adolescence, adulthood and into old age (Ohayon et al., 2004), 
and are not always related to chronological, maturational or physiological age (Vitiello et 
al., 2004). Such is the magnitude of change seen with aging that numerous studies report 
up to 50% of elderly individuals complain of poor, un-restorative sleep (Vitiello et al., 2000; 
Roepke et al., 2010). Likewise, being male or female is associated with differing 
physiological, psychological and societal pressures, which give rise to the myriad of sex- 
related differences, also reported within the research literature. The impact of such 
changes are specifically manifest in elderly and female populations, where an increase in 
hypnotics and antidepressant use (Salzman 2008) and higher rates of insomnia (Morgan et 
al., 1997; Wolkove et al., 2007), are but a few of the common sleep-related clinical
outcomes. But to assume that "poor sleep" is a likely result of the aging process and 
additionally defined by sex would be incorrect, given that the percentage of elderly 
individuals reporting poor sleep, as described by Vitiello and Roepke would therefore leave 
equal numbers reporting acceptable sleep. Equally, Foley et al., observed the sleep of 9000 
subjects aged 65 years and older revealed that much of the reported poor sleep in elderly 
populations was a secondary complication of an increasing health burden, correlated with 
normal aging (Foley et al., 1995). Hence, chronological age in elderly people many not 
completely relate to physiological age. Furthermore, within the basic and clinical research 
methods, there is an increasing recognition that differences between men and women, and 
those manifest within the aging process, may affect outcomes of sleep. Beyond the effects 
of aging and sex upon sleep, the picture is further complicated when influence of research 
methodologies and measurement modalities are included. The generalized assumption that 
both objective and subjective measures equally describe age-related and sex-dependent 
changes in sleep is well known but rarely challenged. As often reported in the research 
literature, age-related declines in sleep measures are subject to additional attenuation in a 
number of objective measures in males compared to females. Whereas for subjective 
measures, the inverse is true, with females reporting poorer sleep compared to males, 
although any dichotomy between objective and subjective measures of sleep may be 
conserved by sex differences alone. This relationship is conceptualized best by Buysse and 
colleagues, when they suggested that objectively poor sleep in older individuals may not 
reflect subjective measures, due to an adaptation of their perceptions of "poor" sleep as 
"acceptable" sleep and therefore they are unlikely to complain (Buysse et al., 1991).
With researchers now placing more importance upon age and sex effects, the questions for 
sleep that remains is given the various methods of research design, what is the nature of 
age and sex effects upon sleep? How well do objective measure of sleep relate to subjective 
measures? How do we incorporate interaction effects of age and sex into experimental 
design? Finally, does the influence of aging and sex differentially modify the response of 
the sleep homeostat to the sleep challenge? The latter question is of particular importance, 
given the noteworthy differences the prevalence of sleep disorders, such as primary 
insomnia and depression.
1.2 Definitions
In an attempt to avoid any divergence in the understanding of the terminology used in this 
thesis, the key terms used throughout and upon which much of the interpretation of this 
document is built, are defined here. Additional commentary will be presented where 
necessary and to further explain the use of specific terms.
1.2.1 Defining Sleep
According to a simple behavioural definition, sleep is a reversible state of perceptual 
disengagement from and unresponsiveness to the environment (as cited in Kryger, Roth 
and Dement (Eds) Principle and Practice o f Sleep Medicine, Volume 4, Page 1). In addition, 
and in the words of Pieron, sleep should also be viewed as a periodic, recurring, polyphasic
process that mirrors environmental cues (Pieron et al., 1965). Both definitions are sufficient 
descriptors of the objective outcomes of sleep and the interaction sleep has with 
environment.
1.2.2 "Sex" vs. "Gender"
The word "sex", as defined by the World Health Organization is the "biological 
characteristics that define humans as female or male" (WHO Draft working definition, 
October 2002). Although the term "sex" has historically been associated with a multitude 
of differing social connotations, it has largely been replaced by in general conversation by 
the word "gender". Within the context of this thesis, the WHO definition of sex will be 
applied and differs from the applied definition of "gender", inasmuch as "gender" refers to 
the socially constructed roles, behaviours, activities and attributes that a particular society 
considers appropriate for men and women.
1.2.3 Sexual Dimorphism /  Sex Difference
The word dimorphic means "occurring in or representing two distinct forms" (Compact 
Oxford English Dictionary, Oxford University Press; 3rd edition, 2005). When considered 
within the context of the systematic differences in characteristics between individuals of 
the same species but of different sex defines a sexual dimorphism. Although in humans, 
the primary sex dimorphisms, such as the structure of the reproductive organs, body shape.
height, and musculature can be assessed at a glance, sexual dimorphism(s) can also be 
morphological, behavioural, psychological, anatomical or physiological.
1.3 The Electroencephalogram and Sleep: A brief history
From the early recordings of electrical currents in the brains of living animals by Richard 
Caton in 1874 and the independent findings of Adolf Beck in 1890, who first showed large 
potential fluctuations in the visual cortex when the eyes were illuminated, the recording of 
the electroencephalogram (EEG) has been the most significant advance in the area of sleep 
research. However, it was the first recordings of the human EEG, by Hans Berger in 1929 
of cerebral brain activity that is credited as being the major advance to our understanding 
of sleep physiology. Based upon the ground-breaking work of Caton and Beck, Wladimir 
Prawdicz-Neminski was the first to classify the electrical activity of the brain into frequency 
bands in 1925. He published a report describing the electrical activity of the cerebral cortex 
as spontaneous fluctuations in electrical potential with a frequency of 10-15 per second, 
called waves o f the firs t order and faster fluctuations in the 20-32 per second frequency 
termed waves o f the second order. Around the same time, Hans Berger begun his research 
into human electrical potentials recorded from the surface of the skull. In 1929, he 
successfully recorded the electrical potential of the human brain, and by 1934 categorically 
demonstrated the human brain had an "electrical beat" generated by neurons that changed 
with age, sensory stimulation and the physiochemical state of the body (See Gloor 1969). 
Berger also showed that the potential fluctuations in voltage had a frequency range from
1-60 per second. The most discernible frequency was approximately 10 fluctuations per 
second. Berger called his recording elektrenkephalogramm, which was commonly 
translated into the English electroencephalogram (See Gloor 1969).
The first classification of human sleep, based upon the electroencephalogram was 
performed by Alfred-Lee Loomis and colleagues in 1935 (Loomis et al., 1935). Loomis had 
observed that a number of differential frequencies of EEG presented during normal sleep 
and classified these EEG states into 5 different levels of consciousness, labelled A to E. The 
system was deemed a sufficient method of reporting sleep for over 20 years, until in 1953 
sleep researcher Eugene Aserinsky observed distinct eye movements in one of his children 
during sleep. Aserinsky with Nathanial Kleitman and William Dement investigated the 
phenomenon by measuring the electrical activity of the ocular muscles (electrooculogram 
-  EOG) during sleep. They observed a wide spectrum of eye movements during sleep, from 
which they were able to differentiate an absence of eye movements from slow eye 
movements and repeated clusters of fast or rapid eye movements. They chose to combine 
the different EEG states of sleep by eye movements, giving rise to non-rapid eye movement 
(NREM) and rapid eye movement (REM) phases of sleep. This resulted in the addition of 
EOG as a key component of the assessment of sleep.
As described earlier, the states of wake and sleep are characterized by definitive 
physiological markers, including eye movements (EOG), muscle tone (EMG) and brain 
activity and rhythm (EEG). Given that different rhythms of brain activity characterize wake
from sleep. However, it is important to note that EEG activity reflects the mean excitation 
of clusters of neurons, with surface electrodes only recording the currents produced. The 
resulting EEGs indicate the excitation of whole groups of cells and not individuals.
1.3.1 Wakefulness
In the waking state, beta rhythm predominates. With increasing relaxation and the closing 
of the eyes, beta EEG gradually diminishes to the slower alpha rhythm (8.0 to 13.0 Hz). 
Some eye movements (under eyelids) may remain, whilst muscle tone remains relatively 
high. As sleep pressure develops, synchronization of EEG signal develops. Muscular tone 
and heart rate begins to fall, with a concomitant lowering in breathing frequency and ocular 
movements.
1.3.2 Non-Rapid Eye Movement (NREM) sleep
The entry to sleep is normally through NREM sleep. NREM can be described as a recurring
sleep state, during which rapid eye movements and dreaming should not occur. NREM
accounts for about 75% of normal sleep time and is comprised of 4 distinct stages of sleep.
The first of these stages, and the stage through which wake finally disappears is NREM stage
1. This is experienced as falling asleep and is a transition stage between wake and sleep.
Alpha rhythm rapidly diminishes, to be replaced with theta rhythm (over 50% of epoch).
The first period of NREM Stage 1 sleep usually lasts for between 1 and 5 minutes and overall
occupies approximately 2-5 % of a normal night of sleep, although this can dramatically
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increase in some insomnias and disorders that produce frequent arousals such as sleep 
apnoea or fibromyalgia. NREM Stage 2 is the "baseline" state of sleep which occupies 
approximately 45-60% of sleep. Theta rhythm predominates NREM Stage 2. 
Characterization of stage 2 is signified by the presentation of sleep spindles or K complex's, 
the generalized absence of eye movements as measured by the EOG and reduction in EMG. 
K complexes are distinct, episodic events where high amplitude waves present in the brain 
during sleep. They collectively indicate a deepening of sleep, although they can be 
promoted by an external stimulus. K complexes usually appear as a negative sharp wave 
followed by a positive component, although this can be reversed (inverse K complex). Sleep 
spindle's are bursts of increased EEG activity (12-14 Hz) lasting 0.5-1.5 seconds and may 
persist in other NREM stages but are usually absent in REM sleep. They typically occur at 
intervals of about two spindles each minute during NREM sleep (1.9±0.13 spindles/min in 
healthy individuals; Andrillon et al., 2011), with spindle density, amplitude and duration 
reduced in older compared to young subjects (Wei et al., 1999; Crowley et al., 2002).
The EEG waveform eventually slows, signifying the onset of NREM stage 3. The slower EEG 
reflects the dramatic disappearance of the theta rhythm of NREM stage 2 to the slower 
rhythm of delta rhythm (0.5 - 4.0 Hz), with the striking amplitude increase (+75.0 pV). In 
most adults these two stages are completed within the first 90 minutes of sleep. NREM 
stage 3 is observed when 20-50% of the epoch is comprised of delta waves, whilst NREM 
stage 4 is observed when this increases to above 50% of the epoch. Due to the amplitude
of delta sleep, the EEG occasionally "carries over" onto the EOG, giving the appearance of 
eye movements.
The combination of NREM stages 3 and stage 4 are commonly referred to as slow-wave 
sleep (SWS). What differentiates SWS from other EEG patterns is the striking visual 
appearance within the electroencephalogram and the predominance of SWS during the 
first cycle of sleep. SWS is high at the beginning of the sleep period when sleep pressure is 
high and declines throughout the course of the night as sleep debt is "paid back". This is 
not a new concept, as demonstrated by Blake and Gerard (1937 as cited in Borbely & 
Achermann 2004). They reported that the intensity of sleep was reflected by the 
predominance of slow waves within sleep (Blake & Gerard, 1937). Successive studies by 
Williams and colleagues confirm the relationship by assessing responsiveness to external 
stimuli, and establishing an inverse relationship between EEG slow wave frequency and 
stimulus intensity (Williams et al., 1964a, 1964b). Subsequent studies confirmed that the 
responsiveness to stimuli decreased as EEG slow waves became more predominant 
(Griefahn & Jansen, 1978). Under physiological conditions, SWS can therefore be regarded 
as an indicator of sleep homeostasis.
1.3.3 Rapid Eye Movement (REM) sleep
Rapid Eye Movement (REM) is distinguishable from NREM sleep by the obvious and episodic 
eye movements during the phase of sleep. Often called "paradoxical sleep",
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"desynchronized sleep" or "active sleep", REM consumes around 20-25% of TST and actively 
inhibits skeletal muscle (cataplexy). Heart and breathing rate increase, with EEG markers 
identified by low-voltage, mixed-frequency cortical EEG which may retain a "sawtooth" 
pattern and retain a similar appearance as NREM stage 1. The first appearance of REM 
sleep occurs, between 60 and 90 minutes of sleep with the transition from NREM into REM 
sleep usually through NREM stage 2.
Although the function of REM sleep is believed to be related to dreaming, it is still not well 
understood. Several theories have been proposed; consolidation of procedural and spatial 
memories (Marshall et al., 2006), brain restitution (Morrissey, et al., 2004), ontogenesis 
(Marks et al. 1995), preparation for wake (Horne 2006), cerebral development and neural 
well-being (Marks et al. 1995), although issues remain with all.
1.4 Theories of Sleep
Throughout history, a number of theories illustrating our need for sleep have been 
presented. Although this has resulted in a relative level of confusion, no unifying theory for 
sleep, what remains are three primary theories of sleep which are discussed briefly here.
1.4.1 Sleep as an adaptive response
The adaptive theories of sleep hypothesise that the purpose of sleep is to facilitate
adaptation to the environment (Frank 2006), promote survival (Meddis 1977) and to
1 1
minimise energy expenditure (Webb 1988; Siegel 2005). In recent years, the adaptive 
theory has undergone some revision, with some suggesting specific roles for NREM sleep in 
energy conservation and in nervous system recuperation, whilst REM sleep retains a role in 
brain activation, localized recuperative processes and in emotional regulation (Siegel 2005). 
However, a limitation to full adherence to an adaptive theory of sleep is the fact that the 
theory rests upon three assumptions, a) sleeping reduces energy expenditure; b) immobility 
affords security against predation; and c) sleep presents during periods of the circadian 
rhythm where activity is "optional". In humans, points b) and c) are reasonably mute, due 
to our position at the top of the food chain and diurnal bias towards non-nocturnal activity 
and our dependence upon artificial light. However, a major obstacle to adherents to point 
a) has been the questionable benefits of sleep to energy conservation. In a review of 
mammalian sleep, Zepelin described the comparisons between energy utilization during 
quiet rest and during sleep (Zepelin 2005, In Kryger, Roth and Dement (eds) Principle and 
Practice o f Sleep Medicine, Elsevier's Health Sciences, pg. 91-100), estimating the difference 
to be 15 calories per hour, which equates to approximately 120 calories a night. Given that 
the Department of Health (DoH) estimates the average daily caloric requirement is 1940 
calories for females and 2550 for males (Bajekal et al., 2003), the benefits of ~8 hours of 
inactivity for less than a 10% conservation of energy seems hardly worthwhile. 
Furthermore, whilst over the last two decades, sleep durations have declined whilst obesity 
levels in England have tripled over the same period (National Centre for Social Research, 
Health Survey for England, 1994-2001), with similar profiles being observed across the 
world.
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1.4.2 Sleep as a restorative process
Restorative theories are based upon the concept that sleep is used to recover or restore 
physiological or psychological functions, which are expended during wakefulness. The 
belief is that sleep a) facilitates the breakdown of unwanted substances which acclimates 
during activity and wakefulness, b) performs chemical synthesis, and c) allows recovery of 
neural components, fatigued by diurnal arousal. Therefore, w ithout sufficient sleep, health 
will deteriorate (physical and/or mental), with the existing evidence supporting a specific 
role for sleep in brain restitution rather than body restitution. A number of sleep 
deprivation studies have shown few effects upon markers of physical performance 
(~oxygen uptake, heart rate, cortisol and epinephrine levels), other than effort perception. 
In the review of the effects of sleep deprivation on physical performance, Horne 
summarised the results of over 50 studies (Horne 1978), concluding that sleep deprivation 
does not alter physiological measures of stress, although cortisol has been shown to be 
elevated byjet-lag (Cho, 2001). However, a study by Mah and colleagues, presented at the 
Associated Professional Sleep Societies Conference (APSS, Minneapolis, Minnesota 2007) 
reported improvements in physical performance, (measured by sprint times in 6 male 
collegiate basketball players), mood (Profile of Mood states) and reported more energy and 
less fatigue following additional sleep over a two week period (Mah et al., 2007).
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Chronic sleep deprivation has been linked to reduced immune function in animals (Zager et 
al., 2007) and humans (Boyum et al. 1996, Malik et al., 2005), although the effect of physical 
activity prior to sleep has shown conflicting results dependent upon the elevation of core 
body temperature (Horne 1985).
1.4.3 The Two-Process Model of Sleep
The relationship between slow-wave sleep and the duration of prior waking has previously 
been documented by Webb and Agnew (Webb and Agnew, 1965) and placed into a 
theoretical and functional framework by Feinberg and later by Borbely (Feinberg 1974, 
Feinberg & Floyd, 1979, Borbely 1982), as described in figure 1-1. From this early research, 
the basic processes that underlie sleep regulation were described: the homeostatic process 
(Process 5) that mediates the rise of sleep need during wakefulness; the circadian process 
(Process C) determined by an internal clock rhythm that operates independent of prior 
sleep or wakefulness; and the ultradian process that operates within sleep, by the 
alternation of the two basic states of sleep NREM sleep and REM sleep (Borbely 1982). The 
homeostatic variable 5 is derived from the time course of SWA within the sleep period. In 
an attempt to demystify homeostatic process, Borbely and colleagues produced a 
quantitative version of the model in which Process S varied between an upper and a lower 
threshold, both regulated by a circadian processes. This model was sufficiently robust to 
account for the effects of recovery from sleep deprivation, circadian phase shifts and
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dependence of sleep duration, sleep during shift work, fragmentation of sleep and internal 
desynchronization in the absence of time cues such as jet lag.
Process S
Process C
Extended Wake PeriodWake
7 23 7 23
Time of Day (Mrs)
Figure 1-1: The Two-Process Model of Sleep. Adapted from Borbely AA. Sleep homeostasis 
and models of sleep regulation. In: Kryger MH, Roth T, Dement WC, (eds.). Principles and 
Practice of Sleep Medicine (3'’^ ed. Philadelphia: WB Saunders Co).
1.5 The Dimensions of Aging
One of the certainties of life is that every day, everyone grows older. It's difficult to consider 
the importance of aging or even the notion of time, as we move through life. There are 
many questions which are core to this perspective; why do some people live longer than 
others, and why do some people age quickly, while others don't seem to age at all? All of 
these questions are beyond the scope of this thesis, but lead us to the fundamental concept 
here, "what is aging"?
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To place it into the simplest of terms, aging is the chronological time that something (or 
someone) has existed (Spirduso 1995). Although very descriptive, this definition is devoid 
of the biological, psychological and social significance of the concept (age) and thus, fails to 
effectively associate time with the process of aging. Thus, in this thesis, the term aging 
relates to the process or group o f processes occurring within an organism in accord with the 
passage o f time. Hence, aging is the logical extension of the physiological, psychological 
and societal processes of growth and development, beginning with birth (conception) and 
ending with death, although it must be said that very few people die purely from old age 
(Ford et al., 2008). However, what remains is that as we move from our youth into 
senescence, the declines in capacity lead to noteworthy differences by age.
1.5.1 Primary and Secondary Aging
An important distinction to be made is that the process o f aging can be categorized by 
either the presence or absence of external factors. The process of aging represents the 
relationship between external factors and time (e.g. disease, environmental influences, 
etc.) with clinical symptoms as the observed outputs. Thus, the perception of age is almost 
secondary to the chronological age, due to the presence of an external factor {=secondary 
aging). Aging processes are universal changes that occur with age but are independent of 
environment or disease (Hershey 1984). An example of the process of aging can be 
illustrated by dementia or insomnia, where the incidents of these conditions rise 
proportionate to age. Whereas, an illustration of the aging process can be seen as puberty
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or the menopause, life events which will occur at some point within the adult lifespan, 
usually free from external effects {= primary aging).
1.5.2 Theories of aging
Aging is widely defined as the accumulation of deleterious changes within cells and tissues, 
subsequent decline in function, increased risk of disease and terminated by death (Tosato 
et al., 2007). Although a number of creditable theories on aging present important insights 
into the age-related physiologic changes across the lifespan, the single cause for aging has 
largely been replaced by a multifactorial view. Thus, a global opinion is often taken when 
discussing the aging process, especially when the process remains relatively abstruse 
(Holiday 2006). In fact, it is likely that a number of aging processes simultaneously interact 
at different levels of functional organisation (Franceschi et al., 2000). Therefore, aging 
theories should not be seen as mutually exclusive, but complementary of some (if not all) 
of the features of normal aging.
The present subchapter provides an overview of the most commonly accepted theories of 
aging, providing current evidence of those processes'. These theories fall into three distinct 
groups: the programmed obsolescence theories, the structural damage theories and the 
relatively recent observations around caloric restriction and aging. Programmed 
obsolescence theories evoke the concept of aging as the consequence of the workings of an 
internal biological clock within cells. These clocks are activated at conception and decide
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when cells become unable to maintain reproduction at a sufficient rate to maintain basic 
health. Whereas structural damage theories are based upon the view that the molecular 
components of a cell, over time is subject to "wear" or to accumulated exposure to 
pathogens, which facilitate the malfunctioning and subsequent death of the cell and 
organism. Although both positions hold relevance in physiology, the theory which is widely 
accepted single theory is the free radical aging theory. Finally, the role of caloric restriction 
in aging is discussed. This is defined as the reduction in caloric intake whilst maintaining 
essential nutritional requirements, which has been shown to increase maximal lifespan in 
mammals (Weindruch et al., 1986).
1.5.2.1 Programmed Obsolescence Theories
Programmed obsolescence theories of aging purport that the entire aging process is defined 
within our genes, with aging processes such as puberty and the menopause regulated by 
the biological clocks within each cell. In this theory, positively acting genes regulate the 
longevity of processes or of the cell itself (apoptosis), although no such "longevity gene" 
has been identified. The most well defined genetic theory of aging was defined by Hayflick 
(1975, as cited in Spirduso 1995, pg. 10), who determined that cellular reproduction has a 
predetermined number of replications. With each replication, the rate o f cellular 
maintenance degrades. Teleomeres (protective coverings at the end of chromosomes) lose 
integrity and start to degrade, thus resulting in damage to the genetic structure {genetic 
mutation), or non-identical protein synthesis (cellular error), both resulting in cell death.
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The primary argument against this concept of aging is that the process of aging is not linear, 
as development and replication during the formative years is above that seen with aging. 
Thus, the same mechanism of replication does not fully explain the alternating pattern seen 
with aging.
1.5.2.2 Structural Damage Theories
Structural damage theories are derived from the concept that naturally occurring chemical 
or pathogens accumulate within cells, producing irreversible changes or damage to cells or 
tissue. Johnson et al., suggests that from birth, exposure to bacterium, viruses and toxins 
encourages molecular instability (Johnson et al., 1985). Over time, this instability leads to 
a loss of function (aging related declines) and subsequent failure. Like the components of 
an engine, tissue and cells all wear out with repeated use, ultimately resulting in the death 
of the organism. Within the overarching banner of the damage theory lies a number of sub- 
categories describing the aging process. The Cross-linking theory proposes that the 
accumulation of cross-linked proteins (e.g. endomysial collagen in aging skin), results in 
damage to the cells, reducing cellular processes and resulting in aging. Somatic DNA 
damage theories propose that DNA in living organisms is continuously subject to damage. 
While much of the damage is repaired, some "errors" accumulate as repair mechanisms 
cannot correct defects at the same rate as they are produced. Much of the theoretical basis
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for this theory is borne from the evidence of increased genetic mutations with aging, 
specifically to mitochondrial DNA (Sanz & Stefanatos, 2008; Hwang et al., 2012).
However, the most widely accepted structural damage theory and one which encompasses 
many of the previous theories is the Free radical theory. The theory proposes that 
superoxide's and other free radical agents damage the macromolecular components of 
cells (e.g. nucleic acid, phospholipids, sugars and proteins). Overtime, the accumulation of 
intracellular damage results in a systemic reduction in functioning and ultimately organ 
failure. This view is theoretically supported by the lack of in vivo natural antioxidants, 
although enzymatic antioxidation helps regulate intra- and extra-cellular free radical 
accumulation, w ithout which the rate of cellular degradation would be significantly higher 
(and if the theory is to be fully accepted, the rate of aging much greater). Furthermore, a 
study by Santos-Gonzalez and colleagues demonstrated an increased longevity in 10 male 
Wistar rats fed with antioxidant enriched diet (Santos-Gonzalez et al., 2007). Likewise, in 
1972, Denham Harman identified that many of the free radical reactions related to the 
aging process were found to originate from the mitochondria. This led to the hypothesis 
that the life span of an organism is largely determined by the rate of free radical damage to 
mitochondrial DNA (Harman 1972; Sastre et al., 2000). Furthermore, Reimund linked aging 
and sleep together when he proposed that the cerebral free radical accumulation during 
wakefulness was reversed nocturnally during sleep, with sleep functioning in an antioxidant 
role (Reimund 1994). The basis for this theory was that the rate of free radical formation
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decreased during sleep, which coincided with increased efficiency of endogenous 
antioxidant mechanisms, with a specific role for brain functioning.
1.5.2.3 Caloric Restriction and Aging
Defined as the reduction in caloric intake whilst maintaining essential nutrient 
requirements (Tosato et al., 2007), caloric restriction is the only non-genetic intervention 
which has been shown to reduce the intrinsic rate of aging in mammals (Dirks & 
Leeuwenburgh 2006). Experiments in mammalian models have consistently demonstrated 
increased longevity and prevention of age-related disease in animal models through a 20- 
40% reduction in caloric intake (Roth & Polotsky 2012). A study by Weindruch and 
colleagues demonstrated in a female FI hybrid strain (C3B10RF) of rat that a 40% reduction 
in ad libitum  dietary caloric intake throughout the lifespan of the animal resulted in a 30- 
40% increase in maximal lifespan (Weindruch et al., 1986). In contrast, Salin-Pascual and 
co-workers investigated the effects of a hypocaloric (60% caloric reduction) diet on sleep of 
3 month old (young) and 21 month old (old) male F344 rats. They found that in the 
hypocaloric group, significant yet comparable reductions in delta power, recovery sleep 
following 12hr total sleep deprivation and an increased sensitivity to caffeine were evident 
for both 3 month and 21 month old rats (Salin-Pascual et al., 2002). They concluded that 
caloric restriction was unable to prevent the changes to sleep that occur with aging.
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Whilst the exact mode of action remains unclear, demonstrable benefits of caloric 
restriction have been reported in the literature. Improved tissue sensitivity to insulin 
(metabolic benefits), immunological resistance against stress (immune & neuroendocrine 
benefits), and reductions in cross-linked protein formation (collagen/structural benefits) 
are notably enhanced by caloric restriction (Mobbs et al., 2001). Whilst much of the 
current research has reported promising short-term effects in small mammals (mostly 
rodent populations), long-term studies in human populations are unsurprisingly lacking in 
number. The paucity in evaluable data is mainly due to the difficulties in long-term 
adherence to a rigorous hypocaloric protocol and the length of the average human lifespan. 
However, some illustration is provided by the Okinawan population (Okinawa Island, the 
5^  ^ largest island off the southern tip of mainland Japan), where the inhabitants exist on 
60% of the caloric intake of the US population (80% of mainland Japan). A reduced 
morbidity and mortality rates are reported, with the greatest number of indigenous 
centenarians in the world who live on this island, an estimated 34 per 100,000 people 
(Tosato et al., 2007).
1.6 The Importance of sex
The existence of more than one sex demands a number of differences between those sexes, 
which exceeds differences at a chromosomal level. However, it is the magnitude and nature 
of such differences which varies between the members of a species. Whilst such a position 
is certainly not a novel view, it has remained at the very centre of biological and clinical
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research for many years. In humans, being biologically male (~ man) or female (~woman) 
is a fundamental human variable which defines more than just our physical appearance, 
personality, identity or behaviour. Being either male of female often affects health and 
illness, such that differences in disease prevalence, severity and morality rates can be 
delineated by sex. With differences predominantly influenced by an individual's genetic 
and physiological makeup and the interaction between environment and societal factors, it 
would be wrong to simply define "sex" as the "difference" given the myriad of extrinsic 
factors that contribute to defining sex (see Wizemann & Pardue, (eds) Exploring the 
Bioiogicai Contribution to Human Health: Does sex matter? (2004), Oxford University Press, 
for review).
With the study of sex and sex-differences evolving into a mature science, a key area of
research interest has revolved around the functional differences in neuroanatomical and
the behavioural outputs. It is generally accepted that numerous sex-differences reside in
the human brain at a structural, temporal and functional level (Hines 2004), with
differences in neuroanatomy producing sex-related differences in behaviour. Inherently,
the neuroanatomy of males and females are structurally and organizationally very similar,
but differ in a number of ways. In regions of the brain known to regulate reproductive
behaviours, sexual dimorphisms range from subtle differences in neuronal size (Pfaff, 1966)
and density (Hines 2004) to dramatic dimorphisms in cell volumes (Raisman et al., 1971)
and dendritic branching patterns (Greenough et al., 1977). In contrast, additional sex-
differences have been reported in non-reproductive regions of the brain, including the
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anterior hypothalamic /  preoptic area (Allen et al., 1989; Choate et al., 1998), the corpus 
callosum (Propper et al., 2004), and the suprachiasmatic nucleus (Kruijver et al., 2002) 
amongst many other regions. A unifying feature between these brain areas is that all have 
an input into sleep homeostasis, presenting a theorized, yet natural corollary between the 
sex-differences in brain anatomy and overall sleep behaviours and tendencies.
1.7 Sleep and Aging
Age-related alterations in sleep architecture are often described in the research literature. 
The historical view is that with advancing age, sleep quality and restitution decline, with 
dissimilarities in sleep timing, maintenance and consolidation commonly described 
between the sleep of healthy young and elderly subjects (Duffy et al., 1998; Dijk et al., 
2001). Increased NREM stage 1 and decreased NREM stage 3 & 4 (Bliwise 1993) are 
hallmarks of the aging effect upon sleep.
From the 2"^ decade of life, sharp declines are seen in sleep propensity (Feinberg 1982). 
The sleep of young adults is also characterised by increased total REM sleep and reduced 
REM latency (Williams et al., 1974), and a decrease in total sleep time, compared to 
adolescents (Grigg-Damberger et al., 2007). As we age, the modification to sleep 
architecture continues, with increased NREM stages 1 and 2 observed in addition to the 
changes to SWS (Carrier et al., 2001; Ehlers et al., 1997). As sleep is a pivotal process to 
daily function, the understanding of the notable quantitative and qualitative changes that
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occur with age are vital. Moreover, as sleep disorders increase in prevalence with 
advancing age, the impact of such changes upon sleep are vital for the appropriate 
management of sleep disorders. Numerous studies have also identified that sleep 
disturbance in older individuals are more evident (Groeger et al., 2003). In one of the first 
studies of its kind, Kara can and colleagues questioned 1645 adults about sleep habits and 
surveyed sleep disturbance. They found that 9% of those aged 20-29 years old reported 
poor sleep compared to 21% in the 60-69 years old (Karacan 1976). Thus, decreased 
subjective sleep quality is one of the most common health complaints reported by older 
adults (Prinz 1995) and results in a higher prevalence of insomnia in the elderly. However, 
a study by Rowe and Kahn suggested that any discourse over poor sleep is related to 
whether or not "successful aging" has occurred (Rowe and Kahn, 1987).
I.8  Sex Differences in Sleep
Numerous studies have reported that women tend to report more sleep complaints than 
men across all age groups studied (Ohayon et al., 1997; NSF 2001). With the advent of 
advanced quantitative analysis methods, the true nature of such differences has now been 
experimentally assessed. The application of Fast Fourier Transform (FFT) analysis on the 
electroencephalogram (EEG) has revealed compelling sex differences in the power spectra, 
previously lost by visual methods of analysis, and confirms the extent of the difference. The 
most noteworthy differences between the sexes have been observed in frequencies up to
I I .0  Hz (Dijk et al., 1989) and are not limited to non-rapid eye movement (NREM) sleep.
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The foundations upon which our current understanding of the relationship between 
biological sex and sleep is built has been evident for almost 20 years. In 1989, Dijk, Beersma 
and Bloom, investigated the influence of sex upon sleep EEG in twenty-eight (13 males and 
15 females), 20 to 28 year old subjects (Dijk et al., 1989). Their research showed that 
females had significantly higher spectral power during NREM sleep over a wide frequency 
range (0.25 to ll.OHz) and higher power densities during REM sleep, with differences 
maintained across the entire sleep episode. They concluded that sex differences in EEG 
power spectra were unlikely to be caused by sex differences in sex regulatory mechanisms 
and may result from differences in skull characteristics. More recently. Carrier and 
colleagues performed one of the largest single study of the effects of sex upon sleep EEG, 
in a group of 100, "well-screened" subjects (47 female and 53 male) aged 20 to 60 years 
(Carrier et al., 2001). They confirmed that compared to males, females showed significantly 
higher spectral power densities in delta, theta, alpha (low) and sigma (spindles) frequencies. 
Furthermore, with increasing age, the attenuation of the power density between 1.25 and
8.0 Hz and the concomitant rise in 12.25 to 14.0 Hz across the night was diminished. Carrier 
also reported that increasing age resulted in a further attenuation of homeostatic sleep 
pressure and increase in cortical activation during sleep, recognizing the influence of age 
upon the mechanisms of sleep. Likewise, differences in the amount and distribution of 
sleep stages, total sleep time and slow-wave activity have also been reported in healthy 
young compared to geriatric populations (Bliwise 1993; Prinz 1995; Ehlers et al., 1997).
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1.8.1 Women and Sleep
Menstruation, pregnancy, motherhood and the menopause are physiologically unique 
events in the life course of the majority of women, intrinsically associated with the 
hormonal milieu and allied to cyclical ovarian function. Given the influence of such events 
upon the physiology and behaviours associated with sleep, it is important to understand 
and determine the clinical and experimental experience of women's sleep across all phases 
of life. Furthermore, considering the prevalence of poor, non-restorative and disturbed 
sleep reported by women, it is of concern that the extent of research in this area is so 
limited. The following will present a basic review of sleep across the adult life cycle of 
women.
Sleep and the Menstrual Cycle: Physiology dictates that women of childbearing age and
potential experience cyclical alterations in the production and in vivo levels of the pituitary
hormones (follicle-stimulating, luteinizing & growth hormones), gonadal hormones
(estrogen & progesterone), melatonin and cortisol (Parry et al., 2006) every 28 to 35 days.
With reference to the status of the ovaries, events occurring during the cycle can be divided
into 2 phases; a follicular phase (day 1 to ~14) and luteal phase (day ~14 to ~28), interceded
by ovulation (day ~14) and proceeded by menses. Outcomes from polysomnographic
studies of the influence of the menstrual cycle upon sleep can be best describes as
ambiguous. Of the several studies presented in this thesis, there was a consistent difficulty
in making a generalisation with regard to sleep, partly due to the complexity of factors
influencing women's sleep. This point is underscored by the findings of Williams and
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MacLean who studied 11 women across one menstrual cycle (Williams and MacLean, 1983). 
They reported no reliable changes in sleep architecture as a function of menstrual cycle, 
but reported an increase in REM latency in the follicular compared to luteal phase. 
However, the authors reported that 2 subjects were excluded due to inability to confirm 
ovulation by basal body temperature and another two subjects has depression ratings in 
the mildly depressed range. W ithout their results, REM latency did not vary across the 
cycle. However, Lee and co-workers studied 13 women for two nights in both follicular and 
luteal phases, with ovulation confirmed by salivary progesterone samples (Lee et al., 1990). 
They found no difference in sleep parameters, with the exception of REM latency which 
decreased significantly in the luteal phase. Similarly, Ito and colleagues (Ito et al., 1995) 
studied seven young women (aged 18-19yrs) across the weekends for 5 consecutive weeks. 
They reported that the total amount of SWS across the cycle varied, with greater amounts 
during menses and late follicular than in early or late luteal phases. Driver and colleagues 
studied nine, 20 to 30 year old women every second night for 32 to 36 days (depending 
upon the duration of menstrual cycle). They reported a significant increase in NREM sleep 
in the luteal phase, composed predominantly of NREM stage 2, but not SWS. Driver also 
reported an increase in spindle power density in the luteal phase (Driver et al., 1998).
Pregnancy & Postpartum Sleep: There have been several reports in the literature regarding
sleep disruption and pregnancy, parturition and the postpartum period. Reports of poor or
altered sleep range from 13-20% in the first trimester, increasing to 66-90% by the third
trimester (Hedman et al., 2002). The rise in gonadal hormones and discomfort associated
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with the growing foetus during pregnancy, the fail in hormonal level following parturition 
and the irregular feeding and sleeping patterns are all obvious factors in poor sleep. During 
the postpartum period (first 6 months following parturition), sleep is often reported to be 
disrupted. A number of researchers have studied the sleep of mothers during the 
postpartum period. As with other aspects of the assessment of women's sleep, methods 
of data collection vary widely across studies. Furthermore, the effect of prior sleep 
deprivation has adversely affected the measures observed during testing.
Sleep and the Menopause: The menopause is the cessation of cyclic ovarian function as
manifested by the occurrence of the final menstrual period (Parry et al., 2006), at
approximately 51 years of age, although the menopause is often preceded by a period
(>lyr) of reduced ovarian function (termed the Climacteric). When considered against
national life expectancy data, women can typically expect to live over one-third of their lives
after the onset of menopause, although it is only during the period of reduced ovarian
function where a myriad of associated symptoms that influence sleep, such as insomnia and
hot flushes may be prevalent. The association between sleep and hot flushes is somewhat
controversial. A number of authors found an association between hot flushes and
nocturnal awakenings and decreased sleep efficiency (Scharf et al., 1997; Manber et al.,
2003), whilst others found no association (Freedman & Roehrs, 2007). However, the review
by Scharf and colleagues (Scharf et al., 1997) showed that administration of 0.625mg of
conjugated estrogens reduced nocturnal awakenings and improved sleep efficiency.
Likewise, in a placebo-controlled study of Hormone Replacement Therapy (HRT; combined
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0.625mg equine estrogen and O.lSmg progesterone), Purdie and co-workers (Purdie et a!., 
1995) did not report any improvement in sleep efficiency nor nocturnal awakens, but did 
observe an statistically significant decline in hot flushes. HRT has been shown to reduce 
sleep disordered breathing (SDB) in post-menopausal women, however the efficacy of HRT 
in treating mild to moderate SDB in women is not fully established. Endogenous estrogen 
has been shown to improve sleep quality, yet the objective data is at odds with efficacy 
data in treating hot flushes and sleep disruption.
Sleep and Oral Contraceptives: Studies on the effects of oral contraceptives upon the sleep
of healthy women is somewhat scarce, even though contraceptives are frequently
prescribed to women. This paucity in empirical research limits the scope from which a
unified position can be taken. However, the general view held by many is one where oral
contraceptives exert a minimal influence upon sleep architecture, although the polarity of
the effect is essentially abstruse. This was illustrated by Baker and colleagues, who
performed a study of oestrodiol and progestin effects on core body temperature and sleep
propensity in 10 young women at mid-follicular and mid-luteal phases of the ovarian cycle.
The author reported that women taking the oral contraceptive had an increased nocturnal
body temperature, more NREM stage 2 sleep and less slow wave sleep, specifically in the
luteal phase compared to naturally cycling controls (Baker et al., 2001a). They concluded
that oral contraceptives influence body temperature and sleep differentially from
endogenous reproductive steroids. In a related study by the same research team, sleep
continuity and core body temperature was observed in 8 females with a normal menstrual
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cycle during the mid-follicular and mid-luteal phases and 8 females taking a steady dose of 
oral ethinyl oestradiol and progestin, and compared their sleep and body temperatures 
with that of 8 males under controlled conditions (Baker et al., 2001b). They found no 
significant menstrual cycle phase or sex differences in sleep composition, although naturally 
cycling women tended to have more slow wave sleep than men. Furthermore, both 
naturally cycling females and females taking hormonal contraceptives attained the 
minimum body temperature sooner after lights off than males. Given that sleep propensity 
and sleepiness are most conducive at the minimum temperature phase, a "delay" in 
achieving the temperature nadir may interrupt sleep initiation (Lack et al., 2008). Although 
both of these studies confer that oral contraceptives have limited influence upon sleep 
architecture and continuity, the specific effects upon slow wave sleep may have 
implications for the evaluation of sex differences in sleep, as oral contraceptives may 
minimise differences in microarchitecture between males and females (Burdick et al., 
2002).
1.9 Age and Sex Differences in Slow Wave Sleep -  a basic review
In this basic review, the original intent was to evaluate all aspects sleep physiology in 
healthy subjects across the adult life span and in members of both sexes. However, due to 
the enormity of such an analysis, potential limitations in accessing the core text and the 
methodologies and differing statistical analytic approaches between studies, the focus of 
this review was greatly abridged to enable a more effective review of the literature.
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Furthermore, the essential utility of both subjective and objective measures was 
paramount to this thesis. Therefore, the literature review focused upon the reported 
changes to slow wave sleep, a component of sleep known to undergo noteworthy age and 
sex related changes. Furthermore, the review was limited to objective measures of sleep, 
as greater uniformity could be ensured when comparing results from multiple studies. 
Thus, the present review surveyed a large number of studies and sampled a large 
population of subjects. As most similar studies have reviewed pathologic or abnormal sleep 
states (i.e. insomnia, sleep apnoea syndrome etc.), the focus presented here was to 
evaluate sleep in healthy normal subjects across the full adult age span in both men and 
women.
The extant literature in the field of sleep physiology is both wide and burgeoning. Over the 
last 30 years, much has been learned of the phenomenon, the associated state of 
perceptual environmental disengagement, mechanisms and spatial-temporal dynamics of 
slow wave sleep. We know that SWS is under homeostatic regulation, intrinsic to memory 
consolidation, learning and psychomotor vigilance (Stickgold et al., 2005), and derived from 
the hyperpolarization of thalamocortical and cortical neurones in response to the reduction 
in cholinergic neuronal firing and other activating systems (Stride et al., 1993; Llamas et al., 
2006). In contrast to these known features of sleep, there remain two primary caveats to 
such assumptions: I) the effect(s) of age and sex and ii) the influence of methodological 
differences between studies.
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The primary methodological limitation is the fact that much of what we currently know and 
cite is based largely upon studies with a relatively small number of subjects. Furthermore, 
the number of studies which have evaluated changes across the adult age span and of both 
sexes is fewer still. Thus, the opportunity to evaluate such effects is of particular interest 
to this thesis. Likewise, further issues arise when differences between methodologies and 
interpretation of findings are also considered. Thus, an expansive area of sleep research 
is illustrated by an essentially sparse representative population.
1.9.1 Age and Sex Differences in Slow Wave Sleep - Review Criteria
For the afore mentioned reasons, the original intent of this chapter was abridged to only 
present a descriptive review of the sex and aging effect(s) upon slow wave sleep in healthy 
adults of both sexes and across the adult lifespan. This was achieved through a systematic 
examination of a scientific electronic database (MEDLINE®). Studies were selected on the 
basis of relevance to the specific inclusion criteria and the reporting of objective sleep EEG 
data. Therefore, only randomized controlled trials (where placebo data was reported 
independent of any intervention), conducted in healthy human subjects where overnight 
sleep EEG (SPT>8±lhr), with data reported for both sexes, with direct comparisons 
between sexes, performed between 1985 and 2005 and published in a peer reviewed 
journal in the English language where included in this review. The review period was limited 
to a 20 year period as this was in keeping with a number of similar systematic reviews 
conducted
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An initial (primary) interrogation {first pass) of the electronic databases using keywords that 
are indicative of the review aims were used to identify compliant studies. A secondary, 
automated interrogation {second pass) of the results was performed. First, all applicable 
studies were subject to a data matching and reduction procedure, where duplicate studies 
were removed using the SAS® software ("NODUPKEY" Step in SAS 9.1, SAS Institute, Cary, 
NC), based upon the 100% match between either PMID number and/or listed authors. 
Duplicates were manually inspected prior to formal exclusion. A more detailed 
interrogated was then performed, using data mining program written by the author in SAS®. 
This enabled the publication title, abstracts and keywords of the applicable studies to be 
searched for the occurrences of search characters. Applicable studies were ranked 
according to the number and occurrence of the search characters found. From this, the 
publications ranked in the bottom 25% were excluded, with the remaining studies, subject 
to a manual inspection. The tertiary manual interrogation of the data {third pass) was 
performed to confirm a study's suitability for inclusion. When an applicable study was 
identified, only non-drug, non-interventional data was included. Studies where an 
intervention occurs prior to sleep onset (e.g. nap studies, recovery sleep studies) were 
excluded.
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1.9.2 Age and Sex Differences in Slow Wave Sleep -  Search Criteria
The primary search characters/strings are detailed in table 1.1, with searches performed 
using one primary descriptor and each of the secondary descriptors both separately and 
collectively. Search limits were set to only include studies involving human volunteers 
where the study population was composed of both male and females with a reported age 
distribution of greater than 10 years or a standard deviation of greater 5 years of the 
population age mean, published between 1985 and 2005, in English and in reported in a 
peer reviewed journal.
1.9.3 Sex, Aging and the Sleep Electroencephalogram - Main Results
First pass interrogation identified a total of 4939 applicable studies based upon the search 
characters. The removal of duplicate studies and the removal of studies ranked in the 
bottom 25% (second pass interrogation) identified 4216 studies as duplicates (85.36%) and 
181 studies (3.66%) falling within the bottom 25% of total records. This left a total of 542 
applicable studies. The third pass analysis categorized 11 studies (2.03% of 2"^ pass 
analysis) as suitable for inclusion, with the remaining studies excluded for a number of 
issues. A complete breakdown of applicable studies per interrogation step (first to third 
pass), is detailed in table 1.2, with the main study outcomes of applicable studies 
summarized in table 1.3.
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1.9.4 Discussion of Literature Review
The literature presented here provides preliminary evidence of the objective 
differences in SWS, as modified by age and sex in healthy subjects. To broadly 
summarise these findings, young healthy subjects tend to express more SWS per sleep 
episode compared with middle-age and elderly subjects. Furthermore, the attenuation 
in SWS/SWA is greater in men compared to women across the adult life course. Of the 
selected studies, chronological age appears to influence SWS more significantly than 
sex, with 6 out of the 11 studies reviewed directly assigning the observed differences in 
SWS to the age of study subjects. This was clearly demonstrated in the study by Ehlers 
and Kupfer, where the effects of age and sex upon spectral EEG characteristics were 
investigated. They evaluated the sleep EEG of 61 healthy adults in two age groups: 20- 
29 and 30-39 years (Ehlers & Kupfer, 1997). Subjects of both sexes, in their 3""^  decade 
(20-29 years old) exhibited similar percentages of SWS. However, in the 4^ *^  decade (30- 
39 years old), men showed significant reduction in SWS per episode compared to 
women. Furthermore, men had increased amounts of NREM stage 2 and decreased 
REM, with both men and women exhibiting age-related reductions in spindle frequency 
and spectral power. The authors concluded that between 20-40 years old, the sleep of 
males and females are differentially modified by age. Likewise, a similar conclusion 
was drawn by Carrier and colleagues where the sleep EEG of 100 subjects aged 20 to 60 
years was performed (Carrier et al., 2001). Despite the noteworthy analytic differences 
with other studies (fixed-knot regression splines). Carrier and colleagues demonstrated
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a reduction in delta activity proportional to increasing age and highlighted the
difference between the sexes, although they also reported reductions in both theta and
sigma activity. They concluded that with aging, an attenuation of homeostatic sleep
pressure coincides with and the increase in cortical activation during sleep.
Unfortunately, the authors chose not to fully explore the sex effects upon sleep,
although the notable differences between men and women provide compelling
narrative. Coble and co-workers also described age-related declines in SWS, although
the differences were conserved within the 2-3Hz range and not distinguished by sex
(Coble et al., 1987). This provides an interesting perspective on the point at which age-
related declines occur, given that the population in Coble et al., was 6 to 16yo. Although
we do not assume complete validity based upon one study alone, this provides some
indication that the influence of aging upon homeostatic sleep drive may occur at some
point within the 2"^ decade of life. Unfortunately, within the scope of this thesis, and
given the age stratifications within the study population, we are unable to  further
explore this particular avenue, although this would constitute an area fo r future
research. However, whilst not included in the analysis due to the absence of any
description of the sex distribution within the study population, the valued paper by
Gaudreau, Carrier and Montplaisir illustrated change in the delta through beta sleep
EEG frequencies occurred from childhood to middle-age. They showed that changes in
sleep EEG from childhood to middle-age were not limited to SWS/SWA nor did the
changes follow a uniform progression, with the initial declines in SWS subsequently
achieving a plateau by the 3""^  decade. Furthermore, a greater expression of alpha, theta
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and sigma was noted in children and adolescents. However, the only restriction to the 
inclusion of this study in our literature review was that the quantitative analysis of sleep 
EEG was limited to only 5hrs of NREM (Gaudreau et al., 2001).
The observed age and gender changes in SWS may be viewed as the aging human sleep 
homeostat. However, if we consider these features of sleep mutually, then a different 
picture is presented and one which questions our understanding of SWS function. 
Antonijevic and colleagues reported that in female subjects, the rate at which SWS 
decline during the half of the nocturnal sleep period was greater in females 
compared to male subjects. This was suggestive of a gender specific rate of decay in 
SWS/SWA. This also raises a question of whether greater declines in SWS/homeostatic 
drive earlier in the sleep period facilitates increased sleep instability, manifest as 
disturbed or fragmented sleep (i.e. sleep maintenance insomnia) or an increased ease 
of arousal or awakening in females compared to males.
1.10 Chapter Summary
The primary focus of this chapter was to illustrate the importance and role of aging and 
sex-related effects upon both subjective and objective measures of sleep. It also aimed 
to highlight the misalignment between PSG /  EEG (objective) measures of sleep and self- 
reported (subjective) observations, many of which present a different narrative to each 
other. Finally, it endeavoured to describe the changes in sleep continuity, EEG and EEG
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topography across the adult lifespan and illustrate how such changes may be 
differentially mediated between sexes. Specific references were made to those changes 
seen women, given the physiologically unique events which occur across the life course 
of women as well as a basic review of the changes seen in slow wave sleep.
In this introduction and review, a number of disparities between sleep have been 
identified, namely that aging results in a loss of sleep quality, continuity and EEG power 
amplitude, with the greatest objective effects observed in men, whereas subjective 
measures describe a similar age related decline but generally report greater effects in 
women. These findings may be modified by underreporting of symptoms in male 
populations, an absence of gender and/or age stratification in the evaluation of sleep, 
the presence of pathology or intervention to sleep and conflicting methodologies and 
reporting of findings. However, a number of questions of both the subjective and 
objective measures of sleep are therefore raised, namely: what is the true nature of 
aging and sex-related modifications to sleep? What is the relationship between 
objective and subjective measures of sleep? How should the "influence" of age and sex 
be incorporated into experimental design? And finally, how does age and sex modify 
the response of the sleep homeostat to the environmental challenge? The latter 
question is of particular importance, given the noteworthy differences the prevalence 
of sleep disorders, such as primary insomnia and depression.
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An exploratory analysis of subjective and objective measures of sleep in 181 healthy 
subjects, aged 20 to 83 years was conducted. Firstly, an evaluation of the nature of 
aging and sex effects upon PSG and self-reported measures of sleep [Chapter Three) 
was made. The topographic differences by age and between sexes (chapter four) was 
assessed, with an analysis of the influence of psychobiological stimuli upon sleep 
stability (chapter five). Finally, a contextualized narrative for the findings is presented 
and issues raised within this thesis are addressed. It is our hope that the data presented 
in this thesis will enhance the clarity of our understanding of sleep and will more clearly 
define the effects of aging and sex upon sleep measures (objective and subjective 
measures).
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CHAPTER TWO
General Methods & Measures
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2.0 Chapter Outline
In the previous chapter, the rational for an investigation into the effects of aging and 
sex upon the measures of sleep was presented. With this in mind, the objectives of 
chapter two are to describe fully the study design, experimental techniques and the 
data analysis methods common to this thesis.
2.1 Exploratory Analysis: study design
The fundamental objective of this research was to perform an exploratory analysis, to 
gain further insights into the differential effects of aging and sex upon measurements 
of human sleep. Given the noteworthy differences in methodologies and study 
populations used in previous research, the primary aim was to minimize such effects. 
Furthermore, the paucity of evaluable research of aging and sex-specific effects upon 
sleep the secondary aim of this research was to reanalyse baseline, placebo controlled 
and sleep fragmentation data from two related clinical trials conducted in the Surrey 
Clinical Research Centre of the University of Surrey: H Lundbeck A/S studies 10864 
(experimental study one) and 10865 (experimental study two). Data were collected 
between 2004 and 2007 and were compliant with current Good Clinical Practice 
guidelines (International Congress on Harmonisation, 2007).
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2.1.1 Experimental Study One
The first experimental study was a randomised, 2-way parallel group pilot study 
investigating the relationship between slow wave sleep (SWS) and daytime function 
following a noise-induced selective disruption of SWS. The objectives of the study were 
to investigate the effect of selective SWS deprivation on daytime sleep propensity, 
daytime mood, cognition and psycho motor performance in healthy adults. The clinical 
trial was conducted as a "proof-of-concept" trial for experimental study two, to 
evaluate whether changes in SWS could be measured objectively. Subjects were 
residential at the Surrey CRC for 1 habituation night/day (visit 2), 1 baseline night/day, 
2 intervention day/nights with or w ithout SWS deprivation and 1 recovery night/day 
(visit 3), with subjects randomly assigned to either SWS deprivation or non-SWS 
deprivation groups. Figure 2.1 is a schematic representation of the study design. A total 
of 120 subjects aged 20 years and over were allocated to 3 age bands, equally balanced 
for sex (48 subjects aged 20-30 years old ; 36 subjects aged 40-55 years old & 36 
subjects aged 65+). SWS disruption was achieved through acoustic stimulation upon the 
first appearance of 2 or more delta waves in the sleep EEG (for procedures, see 2.4.3 
Selective Slow Wave Sleep Deprivation). Changes in daytime sleep propensity related 
to SWS deprivation were assessed by Multiple Sleep Latency Test (MSLT) and subjective 
assessments of daytime function.
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2.1.2 Experimental Study Two
The second experimental study was a double-blind, placebo controlled, randomised, 2- 
way parallel group pilot study to investigate the time course and treatment effect of a 
novel hypnotic on daytime function in a noise model of sleep disruption. The study 
objectives were to evaluate the effects of the hypnotic in a model of sleep disruption 
on daytime sleep propensity, daytime mood, cognition and psychomotor performance, 
as well as the tolerability of the study drug. Subjects were residential at the Surrey CRC 
for 1 habituation night/day (visit 2), 2 baseline nights/days, 7 intervention days/nights 
and 1 recovery night/day (visit 3). As the study was a parallel design, 50% of subjects 
were randomly allocated to receive either a placebo or the study drug, with all exposed 
to nocturnal sleep disturbance (~a model of disturbed sleep). Figure 2.2 is a schematic 
representation of the study design. A total of 102 subjects aged 20 years and over were 
recruited and stratified into 5 age bands, balanced between sexes (20 subjects aged 20- 
30 years old ; 14 subjects aged 31-39 years old, 20 subjects aged 40-55 years old , 14 
subjects aged 56-64 years old & 34 subjects aged 65+). Sleep disruption was achieved 
through exposure to pre-recorded traffic noise from 2300hr to 0700hrs (for procedures, 
see 2.4.4 An Experimental Model of Disturbed Sleep). Changes in daytime sleep 
propensity were assessed by Multiple Sleep Latency Test (MSLT) and subjective and 
psychometric assessments of daytime functioning.
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2.2 General Procedures
The following sub-chapter aims to present an overview of the study procedures 
common to both experimental studies used in this exploratory analysis. In addition, 
details of supplemental selection criteria and age stratification methods are explained.
Only randomised subjects from both studies who completed all treatment periods were 
eligible for inclusion to this exploratory analysis. As both studies shared screening 
criteria and methodology, we were able to combine the first experimental night data 
from both studies (first non-noise night, N-1 of experimental study 1 & the placebo 
'lead-in'' night, N-2 of experimental study 2), were subjected to an exploratory analysis, 
as detailed in chapters 3 & 4. Likewise, the data of subjects randomised to receive 
placebo & noise only (non-hypnotic group), for several nights (N1-N7), from 
experimental study 2 were reanalysed, as detailed in chapter 5.
All subjects were recruited from across the southeast of England via local and regional 
media resources (print and radio media) and from the Surrey Clinical Research Centre 
(the centre) database of healthy volunteers. Following an initial telephone screening, 
subjects who reported no sleep complaints and good mental and physical health were 
scheduled for medical screening at the centre (visit 1). Once informed consent had 
been obtained, subjects were medically screened against the inclusion and exclusion 
criteria, as detailed in the appendices (see appendix 1). Subjects who did not fully
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comply with study criteria were excluded. For the next several days and nights, 
subjects' sleep-wake patterns were monitored using wrist actigraphy (CamTech Ltd, 
Cambridge, UK) and an electronic sleep diary (e-diary) to observe subjective ratings of 
sleep. Subjects were instructed to maintain a bedtime of between 22:00 - 00:00hr on at 
least S out of 7 nights, with a nightly sleep duration of between 6.S and S.Shr. Upon 
awakening, subjects were required to complete the e-diary sleep questionnaires within 
60 minutes upon awakening. This effectively standardized habitual sleep time and 
duration, minimizing the effects of prior sleep debt and to confirm the absence of 
circadian rhythm-related sleep disorders.
Subjects returned to the centre (visit 2), where a review of applicable inclusion /
exclusion criteria and updates to medical history were performed. Subjects found to
have deviated from these criteria were excluded from the study, with compliant
subjects undergoing a polysomnographic (PSG) assessment of sleep. The aim of this
assessment was to minimise any first night effects at visit 3 by giving subjects exposure
to the sleep laboratory. Furthermore, the PSG assessment enabled the objective
assessment of sleep and of any latent disorders of sleep. Scalp and facial electrodes
were attached to subjects and nocturnal PSG recording performed from 2300hr for 8
hours. Subjects were awoken at 0700hr where normal toileting routines were
performed. Within 15 minutes following waking, subjective questionnaires of sleep
quality were administered via e-diary (see Table 2-3 for questionnaire articles), after
which assessments of daytime performance were conducted. These assessments were
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composed of a psychometric test battery and multiple sleep latency tests at 2 hour 
intervals throughout the day (data not subjected to exploratory analysis). Upon 
completion of the daytime performance tests, subjects were medically assessed, re­
issued with an actiwatch and study requisites (inclusion /  exclusion requirements), 
emphasised prior to discharge. PSG data was then subjected to manual inspection and 
evaluation for the presence of any primary disorders of sleep. Respiratory indices 
(apnoea and hypopnea index -  AHI & oxygen desaturation index - ODI) were evaluated 
for the appearance of EEG arousals occurring within 4 seconds of either a complete 
(apnoea) or partial (hypopnea) cessations in breathing with concomitant changes in 
thoracic and abdominal movements (inductive plethymosgraphy). Likewise, limb 
movement indices (LMI) were also evaluated in a similar fashion. Movements of either 
leg, lasting for 0.5 to 4.0 seconds in duration and coincides with an EEG arousal (maximal 
time lag of 2 seconds) were evaluated. For both respiratory and limb indices, greater 
than 15 events per hour resulted in subject exclusion (AHI/LMI>15 events/hr.). These 
criteria were in keeping with current guidelines for diagnostic evaluations of sleep 
disorders in the United Kingdom.
Subjects returned to the centre after 7 days, but before 14 days for the first baseline
visit (Visit 3). Data from actiwatch and e-diary were downloaded and reviewed, with a
review of all inclusion /  exclusion criteria, with deviations from criteria resulting in
subject exclusion. Subjects who met these criteria were assigned a randomisation
number (subject identifier) and formally included into the study. Subjects were re-
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familiarised with psychometric tests (data not subjected to exploratory analysis) and 
PSG electrodes attached. At 2230hrs, subjects were put to bed, with lights off at 
2300hrs for 8 hours. Subjects were awoken at 0700hrs, with usual toileting activities 
completed within 15 minutes after waking. Subjective questionnaires of the previous 
night's sleep were performed at 0715hrs, with psychometric and MSLT (data not 
subjected to exploratory analysis) conducted throughout the day every 2 hours.
2.2.1 Per-protocol Subjects
The combination of the two studies produced eligible data from a total of 221 women 
and men aged 20 to 83 years old. Each subject having completed 1 habituation 
night/day and 1 baseline night/day, with a minimum of one 8hr recording of baseline 
sleep EEG.
To better define the study population and minimize confounding variables, 
supplemental criteria were applied to the combined study population. Subjects who 
had an indication prior to visit 3 of non-specific pain, cardiovascular, thyroid or 
renal/urinary dysfunction were subjected to additional review. In addition, eligible 
women were assessed against contraceptive and hormone-replacement therapy use 
and symptoms of dysmenorrhoea/menorrhagia observed prior to visit 3. Subjects who 
required pharmacological intervention for pain relief (dysmenorrhoea, headache), 
contraception (progestogen-only) or presented with symptoms associated with the
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menopause, but who were not established on HRT therapy for more than 1 year were 
excluded. Finally, subjects who found to have participated in both studies were 
excluded from the latter study (experimental study 2).
Of the 221 subjects from both studies, an additional 40 subjects were excluded 
following application of additional selection criteria. Of the excluded subjects, those 
receiving HRT therapy for less than 1 year prior to visit 3, were excluded on grounds 
that the occurrence of insomnia, disturbed sleep, and fatigue are frequent health 
complaints in postmenopausal women, and may remain despite HRT therapy (Moe 
1999). Subjects who reported non-specific pain or with symptoms of dysmenorrhea 
during the baseline assessment (visit 3) were excluded as we could not guarantee that 
sleep was unaffected by symptoms. One subject was excluded on grounds smoking 
cessation with concurrent nicotine therapy. The basis of this exclusion was due to the 
commonly reported nocturnal awakening as a prominent subjective symptom of 
smoking cessation and evidence suggesting that the administration of nicotine 
replacement therapy promoting disrupted sleep, particularly in women (Colrain et al., 
2004).
This gave a per-protocol set of 181 eligible subjects. Table 2-1 details the reasons for 
exclusions.
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2.2.2 Age stratification of study population
An analysis of the age distribution in the per-protocol set revealed a slight imbalance 
between the number of the youngest (<25yr) compared to older subjects, although 
relative parity was seen between women and men. To address this problem, study 
populations were stratified into individual age bands on a study-by-study basis. For 
Chapters 3 {Polysomnography vs. Self-reported measures o f sleep) and 4 {Quantitative 
Analysis o f Sleep), we employed similar age stratifications as those employed previously 
(Elhers et al., 1997), by utilizing 4 age bands to describe the adult lifespan. This gave 
the most efficient and balanced stratification of per-protocol subjects, bearing in mind 
the abundance of young (20-30 years old) and elderly subjects (65-70 years old).
The selected bands were 20-29 years old; 30-49 years old; 50-67 years old and 68+. For 
chapter 5 {Experimental Sleep Fragmentation), a number of missing and poor quality 
PSG recordings reduced the available data. For this reason, a simple separation of the 
study population by age was the only stratification performed. This gave only 2 age 
bands; 20-49 year old and 50-78 years old. Figure 2-3 details the frequency distribution 
of all per-protocol subjects included in this thesis.
2.3 Exploratory analysis procedures
Previously in this chapter, an outline of the study design, per-protocol subjects and age- 
band stratification procedures for the thesis were presented. The remainder of this
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chapter now provides an overview of the procedures, measures and techniques which 
were common to this thesis. A detailed summary of objective (PSG and spectral analysis) 
and subjective measures will be made. Where specific analysis methods were 
employed, a specific description will be made in the relevant chapter.
Table 2-1: Details of subjects excluded from the combined data set.
13 Duplicate subjects (excluded from Experimental Study 2)
8 Hormone replacement therapy (established on therapy < ly r)
7 Dysmenorrhoea symptoms requiring reversal with analgesia at visit 3
5 Non-specific pain requiring analgesia at visit 3 (e.g. headache etc.)
2 Hypothyroidism (on treatm ent with thyroxine)
1 Contraception -  progesterone only (Mycroval)
1 Benign prostate enlargement. On treatm ent <6mth at visit 3
1 Uterine Myoma (concurrent with visit 3)
1 Nicotine therapy (for smoking cessation) at visit 3
1 No data at baseline visit (missing data)
As described in the previous chapter, measures of human sleep are commonly based 
upon either a subjective evaluation of sleep behaviour or perception, or by objective 
measures of physiologic parameters that distinguish wakefulness from sleep.
2.4 Physiological basis of the electroencephalogram
As presented in chapter 1, the EEG is the recording of the electrical activity of the brain.
Much of this electrical activity is created by excitatory postsynaptic potentials, with
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some activity coming from excitatory cortical neurones. The EEG signal and the 
subsequent waveform rhythms are the results of the summation effects from excitatory 
and inhibitory postsynaptic potentials. Thalamic oscillators trigger the firing of cortical 
neurones creating a dipole between negative deep and positive superficial cortical 
regions. The placement of electrodes around the head and scalp enable the detection 
of the small far-field potentials that represent as the summed postsynaptic potentials. 
The EEG is the amplified recording of the potential difference between two electrodes 
within a circuit (Misulis et al., 1997).
2.4.1 Recording of the sleep electroencephalogram
To record EEG signals, electrical potential sensors (electrodes) are positioned at 
standardized locations around the scalp and head. Each electrode observes potential 
changes from the cerebral cortex in the immediate area beneath the sensor. The 
electrical activity is first amplified (typical amplitudes are lO-SOOpV), filtered (to remove 
50-60 Hz electrical noise and high and low frequency components), digitized (converted 
from an analogue signal into a digital or numeric representation of the signal) and 
stored (saved on digital media).
Recordings of the electrical activity of the brain (EEG) were performed by attaching 
gold-plated electrodes around the scalp and head. The positioning of these electrodes
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was established by an accepted standard, the international 10/20 system (Jasper et a!., 
1958; Bocker et a!., 1994). The 10/20 system uses pre-defined landmarks around
>4 50
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Figure 2-3: A stacked-plot of per-protocol subjects frequency by age (per yr.) and sex.
the head to measure specific locations on the scalp as either 10% or 20% divisions of
the transverse and medial planes of the scalp (Jasper et al., 1958; Myslobodsky et al.,
1990). The use of percentage divisions of the scalp enables standardisation of electrode
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loci, provides comparable recordings between subjects whilst accounting for individual 
differences in cranial shape and size, and affords complete coverage of the cerebral 
cortex. Figure 2-4 describes the standard scalp electrode loci defined by the 10/20 
system and used in sleep EEG assessments. The recording of additional physiological 
signals, such as eye movements (electro-occulogram -  EOG) and muscle tone 
(electromyogram -  EMG) is collectively known as a polysomnogram (PSG), the locations 
of these sensors is depicted in figure 2-5.
All scalp electrodes loci were first prepared by cleaning the area with skin abrasive and 
degreasing agent (NuPrep™, Weaver and Co, Denver, Colorado, USA), with electrodes 
attached to the scalp and face using an electrode conducting media and adhesive (EC2 
Paste™, Grass Telefactor, USA). Electrodes were attached within the hairline using 3cm 
by 3cm gauze pads, with facial electrodes attach using 1.5cm by 2.5cm porous adhesive 
tape (Medipore Medical Tape, 3M™ Industries, Minnesota, USA). With all electrodes 
attached, an impedance check was performed to confirm the level of electrical contact. 
This was to minimise the potential contamination of EEG/ PSG signals by electrical and 
environmental noise and to ensure the quality of recorded signals. A critical impedance 
of >5kQ (ohms) was defined as confirmation of good electrical contact. Electrodes seen 
to be above this level were removed, the area cleaned, re-prepared and electrodes 
reapplied.
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Figure 2-4: International 10/20 system for electrode placement for EEG recordings. 
Taken from I ber, C., Ancoli-Israel, S., et al. The AASM Manual for the Scoring of Sleep 
and Associated Events: Rules, Terminology, and Technical Specification, 1st, American 
Academy of Sleep Medicine, Westchester, IL 2007.
2.4.2 Recording specifications
All sleep recordings subjected to exploratory analysis consisted of 7 EEG channels (Fz- 
A l, C4-A1, C3-A2, Cz-Al, 02-A l, 01-A2 and Oz-Al), two EOG channels (LOG, ROC) and 
one bipolar EMG channel. The montage was applied as it was deemed appropriate to 
provide sufficient topographic coverage of the cortical mantle and the anterior- 
posterior axis, whilst complying with the previous and current guidelines for EEG 
assessments of human sleep (Rechtschaffen & Kales, 1968; Silber et al., 2007)
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Figure 2-5: EOG, EMG and mastoid reference electrodes for PSG recordings. Adapted 
from Rechtshaffen, A, Kales, A (Eds). A manual of standardized terminology and scoring 
system for sleep stages of human subjects. 204, U.S. Government Printing Office; NIH, 
Washington, DC 1968.
All PSG data was acquired using the Compumedics Siesta digital polygraph recorder 
(Compumedics Ltd, Victoria, Au) and subject to visual analysis using the Profusion PSG 
analysis software (Profusion PSG 2, Compumedics Ltd, Victoria, Au. Version 1.2, build 
136). Subsequent quantitative (spectral) analysis of the EEG was performed using the 
Vitascore analysis software (Temec instruments B.V, Kerkrade, Netherlands), after the 
PSG/EEG had been converted into European Data-exchange format (EOF). Signals were 
enhanced by AC-coupled amplifier with a dynamic range from DC to 2 volts for unipolar 
and bipolar channels and 1 to 10 volt for external signal inputs. Signals were then 
subjected to analogue-to-digital conversion (ADC) at the maximum resolution of 16-
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bits. This reduced quantinization errors within the eiectrophysiological signal range. 
Signals were then stored in a raw but digitized format at 256 Hz for EEG and EOG and 
128 Hz for EMG channels.
Due to the potential for contamination of the EEG, signals were subjected to digital pre­
processing prior to any analysis. Low-frequency (LF) and high-frequency (HF) filters 
were evoked at 0.3 Hz and 70 Hz for EEG and EOG, 10 Hz and 70 Hz for EMG. An 
additional 50 Hz digital notch filter was evoked to exclude further contamination by 
electrical noise, although the system also had a patient ground. HF filtering of 
frequencies above 70Hz (+50Hz notch), removed potential aliasing effects thorough 
compliance with Nyquist Theorem, which states that a continuous signal can only be 
properly sampled if it does not contain frequency components above one half of the 
sampling rate (Smith 1999). We calculated the Nyquist frequency to be approximately 
105 Hz. By sampling EEG signals at 256 Hz and EMG at 128 Hz, we were confident that 
aliasing would not occurred in any recorded signal. EEG and EOG signals were recorded 
as unipolar channels from the source electrode referenced to a reference electrode 
located on the Fp2 position. This not only allowed for the rejection of any signal 
common to both the source and reference (= common mode rejection), but enabled 
signals to be retrospectively re-referenced to the contra-lateral side of the head.
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2.5 EEG waveforms in sleep
Several patterns of eiectrophysiological activity distinguish wakefulness from sleep. 
Commonly referred to as frequency bands, the appearance of each waveform reflect 
change in vigilance state or the migration from a synchronised to desynchronised 
neuronal rhythm, an understanding of which is a requisite for visual analysis of sleep 
EEG.
Beta rhythm: With a frequency of 13.0 to 25.0 Hz, beta rhythm is one of the faster 
eiectrophysiological waves seen in the EEG waveform. Evident frontal and centrally, 
with a bilateral distribution over the cerebral cortex, beta rhythm is predominantly 
regarded as the attentive waking rhythm. A low-voltage (amplitude), high frequency 
(LVHF) wave, excessive beta activity during sleep is considered atypical of normal sleep 
and may suggest poor quality or fragmented sleep. Beta activity has a relatively large 
range, and has been divided into low (13.0 -  16.0 Hz), midrange (16.0 -18.0  Hz) and 
high (>18.0 Hz) bands. Alpha rhythm: Occasionally called Berger's wave, alpha activity 
operates within a frequency range of 8.0 to 12.0 Hz, are of low amplitude, predominates 
the occipital lobes and exhibits a caudal to rostral distribution. A characteristic of a 
relaxed yet alert state of consciousness, alpha rhythm is best detected when eyes closed 
and subjects are relaxed, but disappears upon sleep onset to be replaced by theta 
activity. Theta rhythm: Theta rhythm is seen as the primary marker of a "sleepy brain". 
With a frequency of between 4.0 and 8.0 Hz, theta has a larger amplitude than alpha
6 6
rhythm (>50|iv). The appearance of theta rhythm is due to the synchronous firing of 
thalamic and the anterior cingulated cortex (Cummins et al., 2007). Presenting centrally 
and bilaterally in a rostral to caudal distribution, theta activity is the most abundant 
waveform during normal sleep. Delta rhythm: Presenting frontally, with a rostral to 
caudal distribution, delta is considered to represent the "unconscious mind" and due to 
its amplitude (+75|iV) and frequency (0.5 to 4.0Hz), it is the most notable of the EEG 
frequencies. Occasionally referred to as slow-wave activity (SWA), delta is seen as one 
of the most important frequencies and the marker of homeostatic drive, although the 
functional significance of this band of EEG activity is yet to be fully delineated.
2.5.1 Visual Assessments of Sleep
Visual assessments of sleep (staging sleep) were performed in accordance the 
recommendations set out in 1968 (Rechtschaffen & Kales, 1968). Developed from the 
systematic analysis of the EEG patterns from over 6000 members of the USA armed 
forces, the recommendations (R&K) were validated for healthy young adults only. 
Although the R&K guidelines sets the standards to which all sleep research should 
operate, R&K is somewhat limited. The guidelines only categorizes the dominant sleep 
stage per 30 seconds (epoch), which fails to adequately show the dynamic nature of 
sleep (Shneerson, 2005). The application of R&K requires the inclusion of additional 
physiological events such as cyclical periods of fast and slow eye movements and a 
reduction in the tone of the electromyogram (EMG).
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The period available for analysis was inclusive of all recorded epochs of PSG data from 
the first complete epoch following lights off (LOF) to the last complete epoch before 
and inclusive of lights on (LON). All visual assessments of sleep were performed using 
the Profusion PSG II software (Compumedics Ltd, Au. Version 1.2, build 105). Complete 
night records (hypnograms) were produced, exported in ASCII format and transferred 
to an electronic database for statistical analysis.
Based upon the dominant EEG waveform and the presence of certain physiological 
events, sleep can be described per 30 second period, according to the following criteria 
and as described in figure 2-6.
2.5.2 Calculation of polysomnographic variables
The calculation of PSG variables is largely based upon the addition, subtraction or 
percentage (ratios) of individual 30 second epochs of sleep, the constituent blocks 
which describe the sleep profile (hypnogram). The total analysis period was defined by 
light off (~2300hr) to lights on (~0700hr) and equates to the time in bed (TIB). The sum 
of all epochs of sleep (NREM and REM) describes the total sleep time (TST), whilst the 
sleep period time (SPT) was defined as the time from sleep onset to the final epoch of 
sleep or final awakening. Sleep efficiency index (SEI), defined as the percentage of TST 
within TIB. Sleep onset latency (SOL) was defined as the time from lights off to the first
6 8
appearance of NREM stage 2 sleep, whereas latency to persistent sleep (LPS), was 
defined as the time from SOL to the first epoch of 10 consecutive epochs of sleep. The 
number of awakenings (NAW) was defined as the total amount of consecutive epochs 
of wake which punctuate any two epochs of sleep within SPT, whilst the sum of all wake 
episodes defines the wake after sleep onset (WASO). Likewise REM latency (REML) was 
defined as the time from SOL to the first epoch of REM sleep. All sleep architecture 
measures were computed as percentages of SPT, with slow wave sleep (SWS) defined 
as the sum of NREM stages 3 and 4 divided by SPT.
A graphical depiction of the calculation of PSG variables based upon the sleep 
hypnogram is presented in figure 2-7, with the descriptions of calculations methods 
described in Table 2-2. All sleep PSG parameters applied in this study were in keeping 
with standard conventions commonly reported within the research literature.
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2.6 Quantitative EEG Assessments
One of the most significant issues w ith visual analysis methods has been the 
quantification and evaluation of the signal waveform. Conventional visual methods, 
as described earlier, are largely based upon subjective estimation of the amplitude 
and frequency components of a continually changing signal and dependent upon the 
expertise of the scorer. The development of quantitative analysis methods enables 
objective measurements, free of subjectivity and w ith some degree of automation 
and objectivity (Thakor et al., 2004). Of the quantitative EEG analysis methods, the 
most commonly applied methods in sleep research are period-amplitude analysis and 
power spectral analysis. Period-amplitude analysis evaluates the period {time) and 
amplitude between consecutive zero-voltage crossings, and determines the 
frequency of the wave by calculating the time between the two zero-voltage 
crossings and multiplying by the inverse of the sampling frequency (Armitage & 
Roffwarg, 1992). Furthermore, period-amplitude analysis is computed entirely w ithin 
the time domain (change to  components of the waveform or signal represented with 
respect to time), avoiding the need to  deconstruct or transform the signal to  enable 
quantitative analysis. Whereas, power spectral analysis transforms the digitized EEG 
signal (in the time domain), into the frequency components of the signal (frequency 
domain - frequency components of the waveform or signal w ithin a given range of 
frequencies). The direct estimation of the power spectral analysis is also known as 
the fast Fourier transform (FFT), with the fast algorithm of the discrete Fourier 
transform (dFT) commonly applied in the analysis of sleep EEG (Geering et al., 1993;
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Smith 1995). The FFT analysis applies a linear analysis method, which assumes the 
EEG signal to  be stationary (a random signal or waveform where statistical properties 
do not vary or change in respect of time nor space), and slowly varying. The 
application of EEG upon electrophysiological signals however, does not lend itself to 
these prerequisites, given that sleep EEG is subject to  ultradian variations and 
vigilance state transitions. To avert this problem, the EEG signal is decomposed into 
a number of smaller analysis windows or sub-epochs, converting the signal into a 
series of sinusoidal components. Therefore, the short segment of EEG can be 
considered as a quasi-stationary process from which the original EEG signal can be 
approximated by a sum of sinusoids. The more sinusoids included in the sum, the 
better the approximation.
Both period amplitude analysis and spectral analysis have been used extensively in 
human and animal research to describe the temporal dynamics of quantitative EEG 
activity, but both also have notable limitations. Period-amplitude analysis, whilst 
able to  discriminate changes in both amplitude and frequency whilst remaining 
w ithin the time-domain, it is unable to  detect superimposed fast waves, when 
masked by slower waves. Whereas power-spectral analysis is unable to  separate 
amplitude measures and the waveform must be deconstructed prior to analysis, to 
facilitate quasi-stationary signal.
Although a number of technical differences exist between period-amplitude and 
power spectral analysis, there is little to separate the data output for frequencies up
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to  40Hz, although in the low delta frequencies (<2Hz) and slow oscillations (<0.5Hz) 
period-amplitude analysis values were more reliable (Uchida et al., 1999). Although 
a substantial issue, given the role of delta EEG activity in sleep homeostasis, this issue 
can be resolved by representing the power spectra as the square root of the spectral 
power (pV/Hz^). Furthermore, w ithin the spectrum of normal cortical activity, both 
low and high frequency signals may occur concurrently w ithin the EEG waveform. 
When low frequency signals are overlaid by high frequency components (e.g. in 
patients w ith fibromyalgia or non-restorative alpha-delta sleep), the fast waves may 
escape detection when the waveform is evaluated by period-amplitude analysis 
(Geering et al., 1993), as the amplitude of the fast waves becomes indistinguishable 
from the low frequency component. Kontas and co-workers recommended that for 
period-amplitude analysis to  be an effective analysis tool, appropriate high band pass 
filtering is essential to control for this discrepancy (Kontas et al., 1987). However, 
this fails to ensure that all physiological components w ithin the EEG waveform will 
be effectively evaluated and will be free from non-physiological contamination. 
Likewise, period-amplitude analysis may be insensitive to the subtle differences 
w ith in the EEG waveform, by age, sex or intervention. Given that the characterisation 
of such differences may represent the to ta lity  of any response to experimental sleep 
fragmentation (e.g. EEG arousal), or a change to vigilance state (e.g. the low 
amplitude, mixed frequency EEG in REM sleep), such a lim itation would present a 
significant hindrance to our ability to answer the primary questions in this thesis. For 
these aforesaid reasons and due to  the application of psychobiological stimuli (see 
chapter 5), the potential fo r physiological contamination of the EEG signal by cortical
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arousal, power spectral analysis is a more appropriate analysis technique within the 
context of this exploratory analysis. Finally, a requisite for the effective evaluation of 
the EEG signal using power spectral analysis requires that the sample rate of the raw 
EEG signal must be twice the highest known frequency within the signal (see Nyquist 
Theorem in Smith 1999). As period-amplitude analysis evaluates the signal from 
w ithin the time-domain, it requires a far higher sampling rate to  effectively describe 
the digitized raw EEG signal. Our Nyquist threshold was 105Hz fo r power spectral 
analysis. For period-amplitude analysis, a 2-fold increase in sampling rate would be 
required to elicit the same Nyquist threshold. As such, a sample rate of 1024Hz would 
be required.
For the aforementioned reasons, PSD analysis, using the dFT (FFT) technique was 
applied to  analyse this data.
2.6.1 Manual Artefact Rejection
To ensure the integrity o f the data, EEG signals must be free from  artefact 
contamination prior to any spectral analysis. To remove any contamination from the 
EEG signal, manual artefact rejection was performed w ith the Vitascore software 
(Temec instruments B.V, Kerkrade, The Netherlands). Although automated methods 
currently exist for artefact removal, none are sufficiently robust, are based upon 
arbitrary amplitude changes (Jung et al., 2000) or lack consistency when 
discriminating artefact from EEG arousal or spindles. The application of differential 
amplifiers and regression of reference signal methods has been effective in the
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detection of EOG, electrocardiogram and electrical noise (Woestenburg et al., 1983). 
However, such methods are reliant upon a clean reference channel and may also 
result in the exclusion of genuine neural activity if the inter-electrode distance is too 
small (Jung et al., 2000). To effectively automate artefact detection requires an 
accurate EEG source, priori knowledge of the brain activity and any underlying 
electrophysiological potential generators (e.g. stimuli responses, eye blinks, 
saccades, deglutition etc.), none of which can be guaranteed in normal PSG 
recordings. Given such limitations, our approach was to  manually subject all EEG 
signals to artefact rejection.
The analysis software enables the user to  identify and exclude any section of the EEG 
signal where the waveform appears unrelated to brain function and is likely to distort 
the power spectra. Manual inspection was performed on each 30 second epoch of 
sleep and was performed independent to  visual scoring o f sleep. Examples of sweat 
and body movement artifact are shown in figure 2-8.
2.6.2 Spectral Analysis of Sleep EEG
Sleep EEG was subjected to  off-line artefact rejection w ith spectral analysis 
performed using the Vitascore software (Temec instruments B.V, Kerkrade, The 
Netherlands). Each 30 second epoch of sleep EEG was visually inspected fo r the 
presence of any waveforms unrelated to brain function ('"artefact). Where artefact 
was detected in the EEG waveform, only applicable sections of the EEG signal were
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excluded from all subsequent analysis, not the whole epoch of sleep. Finally, a fast- 
Fourier-transform routine was performed on ten consecutive and overlapping 4- 
second analysis windows, per 30 second epoch, with a 10% cosine-tapered window 
(Hanning Window). This resulted in a frequency resolution of 0.25 Hz. Data was then 
averaged into 1.0 Hz frequency bins as well as 8 non-overlapping EEG frequency 
bands: slow oscillations (0.25-0.5Hz), delta (0.5-4.0Hz), theta (4.0-8.OHz), alpha (8.0- 
12.0Hz), sigma (12.0-15.0Hz), low beta (12.0-18.0Hz), mid-beta (18.0-30.0Hz) and 
high beta (>30.OHz). Figure 2-11 provides a graphical representation of the raw EEG 
waveform and how this constitutes the power spectral density.
a)
! ! L
Figure 2-8: a) Sweat artefact on a single channel of EEG (02-A l) and b) an EEG micro 
arousal followed by a minor body movement artefact. The highlighted area is 
identifies the distorted EEG waveform excluded from any subsequent analysis.
2.6.3 Data export, extraction and unit conversion
Upon completion of FFT analysis, the averaged power spectra per sleep stage were 
exported as text files (ASCII format) of each EEG channel with a resolution of 0.25 Hz
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per frequency bin. The formal extraction of appropriate values (per 0.25Hz bin) was 
conducted by the data management department of the Centre, and independently 
validated by the author. Further reductions of the extracted data (from 0.25 Hz bins 
into 1.0 Hz bins) were performed through the summation of each of the four 
consecutive 0.25 Hz power density bins. This procedure was in accordance w ith the 
modern interpretation of Parseval's theorem, which states that the total energy 
contained in a waveform across time is equal to the energy contained in the sum of 
the Fourier transformed frequency components (Smith 1999). The only exception 
was the 1.0 Hz frequency bin, where the 0 to 0.25 Hz power density value was 
excluded as DC artefact. At the same time, power density values were subjected to 
amplitude correction. This was necessary, as the analysis program calculates the 
amplitude as a "top-to-top" waveform, rather than the widely accepted "zero-to-top" 
measure. This resulted in a 4-fold inflation of power density values (as power = 
amplitude squared). To correct fo r this effect, power density values were divided by 
four at the point of extraction. These processes ensured that power spectra values 
presented in this thesis were reported as //VVHz and were comparable w ith the 
existing literature. Finally, fo r each topographical region, spectral data were exported 
per sleep stage (NREM 1 to  4 and REM), per third of the tota l sleep period (LOF to 
LON) and fo r the entire night. Episodes of wake, movement time (MVT) and all 
unscored epochs were excluded from further analysis.
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2.7 Experimental Fragmentation of Sleep
Based upon Cluydts' experimental model (Cluydts et al., 1992, Emegbo et al., 2001, 
Emegbo et al., 2003), fragmentation of sleep was performed continuously 
throughout the sleep period using pre-recorded traffic noise as the essential 
stimulus. A 2-hour recording of traffic noise was time reversed in a 2x2 fashion and 
acoustical profile modified and accurately calibrated to replicate the Cluydts et al., 
model. The result was 8 hours of total playback w ith a noise profile were a mean 
sound pressure level of 52dB (A) w ith a dynamic range of 34-77dB (A). Unidirectional 
speakers located 500 mm below the head position delivered noise, w ith 
unidirectional microphone (45° conical acoustic field), suspended 1200mm above the 
head position measured noise. Bed positions and the location of furn iture was 
positioned to  standardize the amount of acoustic reflection noise levels at the head 
position, providing a recorded acoustic profile over a two hour period, as seen in 
figure 2-9.
Experimental confirmation of the noise model efficacy clearly shows that this 
experimental method of sleep fragmentation is very effective upon aspects of sleep 
continuity. In a study by the author and colleagues o f 13 healthy volunteers (7 
females aged 24.1±4.7yrs and 5 male aged 24.8±4.7yrs) principal measures sleep 
maintenance were shown to be significantly reduced following noise exposure (night 
2) compared to baseline (night 1) (Emegbo et al., 2003). These findings confirm 
experimental fragmentation using this specific technique is able to disrupt sleep 
architecture and continuity w ithout a significant effect upon SOL, in a manner similar
8 0
to  maintenance insomnia and was effective across the whole night. In an earlier 
analysis of the experimental model of sleep fragmentation, Emegbo et al., analysed 
the hourly central EEG arousal profile of the experimental model. Arousal index (EEG 
arousals/hr.) increased significantly following exposure to the noise model compared 
to  the non-noise condition (p=0.0012). The number o f central arousals presenting 
during the 2nd, 5th, 6th and 7th hour of sleep were also significantly higher than the 
non-noise condition (p=0.034; 0.024; 0.047 & 0.0036 respectively). Figure 2-10 shows 
the arousal profile under both conditions over 8 hrs. of recording. Secondary analysis 
o f the number of arousals defined by the time of presentation: Late night arousals 
(2300-0300hr -  LNA) or Early Morning Arousals (0300-0700hr - EMA) was performed 
between the two conditions. Only EMA reached statistical significance (p=0.0003). 
The findings of Emegbo et al., concur w ith the previous literature concerning the 
effects of noise on sleep (Roehrs et al, 1994), and confirm an effect across the whole 
night, although the significance of the effect is prominent during the EMW.
2.8 Subjective Assessments of Sleep
Two psychometric rating scales were used fo r the subjective assessment of sleep: the 
Pittsburgh Sleep Quality Index (PSQI) and a self-reported (subjective) sleep diary. 
Both methods are reliant upon the precision of the subject's perceptions of sleep or 
sleepiness and their ability to reliably report the ir subjective opinions. Where 
subjective measures are used to categorize the effect of an intervention or a change 
to  sleep, such assessments are even more reliant upon recall and evaluation of 
previous perceptions against current perceptions.
8 1
2.8.1 The Pittsburgh Sleep Quality Inventory (PSQI)
The Pittsburgh Sleep Quality Inventory (PSQI) was used to  identify if subjects had 
normal subjective estimations and perception of sleep over the last month. The PSQI 
is a self-rated questionnaire, which assesses sleep behaviour (quality and 
disturbances) over the preceding two weeks. The PSQI contains 19 self-rated 
questions and 5 questions rated by a bed-partner or roommate (if applicable), 
although these are not included in the overall PSQI score. The 19 self-rated questions 
are combined, forming seven component scores: subjective sleep quality, sleep 
latency, sleep duration, habitual sleep efficiency, sleep disturbance, sleep 
medications (use of) and daytime dysfunction. Each sleep component has a scoring 
range of 0-3, where "0" indicates no difficulty w ith the subjective component of sleep 
and "3" indicating a severe difficulty w ith the sleep component. The seven 
component scores are summed, giving a global PSQI component score, where a score 
0-7 indicates no difficulty, 8-14 moderate difficulty and 15-21 severe difficulty in all 
areas (Buysse et al., 1989). A global PSQI score of greater than 5 resulted in subject 
exclusion.
2.8.2 Self-reported Sleep Diary
The self-reported sleep diary served as an instrument to measure subjective aspects 
of sleep in the preceding night. The inventory contained ten articles to assess 4 
subscales of subjective sleep propensity: sleep restoration, sleep quality, sleep
8 2
duration and sleep fragmentation /  nocturnal awakenings. Table 2-3 details the 10 
articles used to  assess subjective sleep measures. During the screening period (VI), 
subjects were instructed upon completion o f the e-diary and issued w ith an e-diary 
to  complete during non-residential periods (V I to V2), although this data was not 
subjected to  exploratory analysis. Self-reported sleep data was collected after each 
residential sleep period (V3) and within 15 minutes after lights on (LON), but w ithin 
the first 60 minutes after awakening. These scales were evaluated using either direct 
responses or visual analogue scales (VAS), w ith sleep quality and restoration (articles 
1 & 2) assessed using VAS, whereby a lower score indicates a poor response. All other 
articles were assessed from direct responses. All questionnaires were administered 
using an electronic diary (e-diary -  Palm®, US Robotics, Illinois, USA), w ith access 
password protected and stored in an encrypted format. As subjects sleep opportunity 
was confined to  23:00hr to 07:00hrs, sleep offset and sleep onset times were 
recorded and used to  quality control subjective responses, but not used in the 
exploratory analysis.
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2.9 Data and Statistical Analysis
A number of data and statistical techniques were used to evaluate sex and age effects 
upon sleep measures. Analysis methods employed in this thesis were consistent with 
previous research and performed using the SAS® software (SAS Institute, Cary, NC) 
w ith graphs produced using Sigmaplot® (Systat Software Inc., Point Richmond, CA).
2.9.1 Descriptive Statistics
The rudimentary methods used to quantitatively describe the primary features of the 
data in this study were the arithmetic mean value and standard deviation. Whereas, 
the basic graphical presentation used in this analysis were histograms.
2.9.2 Effect Size (Cohen's d)
In order to accurately illustrate the magnitude of differences between the power 
densities values of men and women, and the young subjects versus older subjects 
w ithin our population, the Cohen's d statistic was applied to our data (where 
applicable). Commonly referred to as the effect size (ES), the Cohen's d describes the 
difference between two means (treatment -  control) divided by the pooled standard 
deviation (Altman, 1991). In this study, women and the younger subjects were 
approached as "treatm ent" effects, whilst men and older subjects were treated as 
"controls". This method has been commonly applied to  meta-analyses' and has 
been used previously in pharmacological interventional and educational research 
(Keselman et al., 1998). Unlike significance tests, ES indices are independent of
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sample size and provide simplistic quantifications of both size and direction of an 
effect, whilst maintaining parametric assumptions of the data (Altman, 1991). Whilst 
these assumptions are met, the interpretation of ES is the equivalent o f Z scores. 
W ithin this exploratory analysis, ES differences between sexes (women relative to 
men) and between age bands (young group relative to  older groups), across different 
topographical regions and up to 32.0Hz were presented using contour plots (see 
Chapter 4, figures 4-2 & 4-3). In our exploratory analysis, an ES value of 0.8 or higher 
(dark yellow to  red colour range in contour plot), denotes that the average value of 
the "treatm ent" group (women or younger subjects), exceeds the scores o f 79% of 
the "control" group (men or older subjects). Likewise, an ES of 0.5 (light green) 
equates to 50% of the treatm ent effect exceeding the control group, w ith an ES of 
0.2 (dark green) equating to 19%. Likewise, an ES of 0 (Light blue) denotes no 
difference between the treatm ent and control group, with an ES score of less than 0 
to -1.0 (light blue to dark blue), signifying that the average value o f the control group 
exceeds that of the treatm ent group (Dr Robert Coe -  Personal Communication).
2.9.3 Expression of the power spectra as geometric means
To express the relationship between power spectral density values of tw o conditions 
(e.g. young vs. old; men vs. females), as a percentage relative to  100 was achieved 
through the calculation of geometric mean. This is a procedure which has been used 
extensively in similar analysis paradigms (Dijk et al., 1987, Aeschbach et al., 1997). To 
express the relationship between sexes, the log of the power spectral density (PSD) 
values for each l.OHz frequency bin in men were subtracted from the log values of
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women, retransformed and multiplied by 100. This presents the relationship 
between the sexes as a percentage where men represent 100% per frequency bin. If 
the PSD values fo r women are larger than that of men, then the geometric mean will 
be proportionally greater 100% and vice versa. Likewise, a similar analysis was 
performed between young and old populations, where the young were depicted by 
100%. Figure 2-12 shows an example of the PSD of young and old subjects, where 
data is depicted in the log transformed PSD and as geometric mean of the data.
2.9.4 Statistical Analysis
All statistical analyses were performed using SAS® software (version 9.1; SAS 
Institute, Cary, NC), w ith statistical modelling performed using the PROC MIXED 
procedure.
We used a two-way unbalanced analysis of variance (ANOVA) to  test the main effects 
of age and sex upon objective (PSG) and subjective (self-reported) measures of sleep, 
and the ir interaction (Chapter 3). An unbalanced design was employed due to the 
differential number of evaluable datasets by effect due to the stratification of the 
population by age and sex. Furthermore, retrospective quality control of per protocol 
subjects reduced overall numbers, making an unbalanced designed analysis the only 
viable option. Where the main effects of either aging, sex or by interaction was found 
to  be significant, no post-hoc comparisons nor multiplicity adjustments were made 
to  the data.
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To further refine our analysis, comparisons between groups and the assessment of 
interaction effects between poiysomnographic, power spectra or self-reported sleep 
measures were estimated using a correlated-errors analysis method. We applied this 
analysis method, due to  the repeated nature of certain analysis' (chapters 4 and 5) 
and the unbalanced distribution of datasets w ithin each of the fixed effect models. 
Furthermore, we approached all analysis w ith a null hypothesis of zero differences 
between sexes and by age, w ith an assumption that the relationships w ithin and 
between datasets were sufficiently powered. Thus, the application of a correlated- 
errors model enabled estimates for the fixed effects to  be approximated against 
related effects whilst conserving the degrees of freedom within the model. The 
"fixed" effects were the population wide effects of age and sex.
Where applicable, the level of significance for all statistical analyses was set at 5% (P 
<0.05).
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CHAPTER THREE
Age and sex differences in self-reported and polysomnographic 
measures of sleep of healthy adults
94
3.0 Chapter Introduction
This first experimental chapter aims to evaluate the nature o f the reported age and 
sex-dependent effects upon measurement of human sleep. We will evaluate 
objective measures (polysomnography) and subjective measures (self-reported), to 
see which provides the greatest efficacy when observing such differences. The 
primary objective of this chapter is to provide some clarity to  the current dichotomy 
between the outcomes of both methods of measurement (as detailed in chapter 1) 
and to  appropriately delineate some of the limitations when sleep is measured by 
either means.
Please note: To avoid further duplication of the information w ithin this thesis, please 
refer to chapter one for a detailed review of the aging and sex-related differences in 
measures of sleep {chapter one: 1.7 Sleep and aging & 1.8 Sex differences in sleep, 
with 1.9 a review o f aging and sex effects upon slow wave sleep).
3.1 Chapter Rationale
Several studies have documented that sleep patterns and sleep continuity alter as a 
function of normal aging (Mourtazaev et al., 1995; Elhers et al., 1997; Carrier et al., 
2001; Rolls 2012; Morrell et al., 2012), w ith slow-wave sleep subject to the greatest 
change over the adult life course (Feinberg 1979 or Horne 1992 fo r review; Dijk et al., 
1989; Dijk 2010; Dijk et al., 2010; Pace-Schott et al., 2011). Whilst slow-wave sleep is 
absent at birth, increases steadily during the first decade of life, plateaus by the end 
of the second decade and declines from the third decade into senescence (Dijk et al..
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1989; Carrier et al., 2001), the literature shows that the declines In slow-wave sleep 
are more evident In men, and w ith the greatest rate of decline occurring between In 
the 3’’'^  and 4^  ^decade of life (DIjk et al,, 1989), and suggests that such changes are 
not defined purely by age. When sleep Is evaluated using spectral techniques, a 
further attenuation In delta activity was described In men compared to women (DIjk 
et al., 1989; Elhers et al., 1997; Carrier et ai., 2001; Buysse et al., 2007). These 
findings are of particular Interest given current theory, which holds that slow-wave 
activity reflect the recuperative processes' of sleep (Borbély et al., 1982), acts as the 
homeostatic marker of sleep propensity and Is directly proportionate to  the 
subjective estimates of sleep quality (Rotenberg 1993).
A number of studies have shown that subjective sleep complaints begin to  Increase 
significantly In the middle years o f life. Increased reports of poor and non-restorative 
sleep are more common In middle-aged Individuals compared to  young (Prinz 1995; 
Ohayon et al., 2004; Altena et al., 2010), and In women compared to men (Groeger 
et al., 2004). This Is especially true for women at times when the hormonal milieu Is 
altered (parturition and the menopause), which may be further amplified by the 
effect of aging (BIxler et al., 2009; NowakowskI et al., 2009). Such views are further 
reinforced by societal Indicators of poor sleep such as Insomnia, where the 
prevalence of symptoms are greater In elderly women compared to  all other groups 
studied. Furthermore, the prevalence of neuropsychiatrie disorders, such as 
depression, where a core component o f the clinical symptomology Is poor sleep 
(Taylor et al., 2005), a similar profile Is observed. With respect to  sex effects, other
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psychiatrie disorders such as anxiety and depression reflect similar prevalence rate 
profiles as primary insomnia, which are far more frequent in women (Ohayon et al., 
1998). Likewise, the prevalence of global dissatisfaction w ith sleep restoration also 
increased w ith aging and was highest in women (Middelkoop et al., 1996; Ohayon 
2001).
While subjective inventories are of notable clinical relevance fo r evaluations of sleep 
quality, sleep disorders or comorbid ailments, the majority of are not designed to 
assess changes that may occur w ithin normal aging or between sexes. Therefore, 
such subjective assessments of sleep are highly dependent upon each individual's 
ability to recall previous sleep period propensity, which in elderly subjects and those 
carrying a level of sleep debt, may be less than optimal (Edinger et al., 2000). 
Furthermore, it has been previously noted that the subjective perception of sleep 
onset can extend far beyond the point where an objective measure of sleep onset is 
seen (Hirsch et al., 1994).
The current literature reinforcing this position, w ith a number of notable studies 
revealing that middle-age and elderly women have significantly more slow-wave 
sleep than men, but sex-related differences in young adults are reportedly modest. 
Thus, it is currently unclear whether normal age-related changes to sleep constitution 
are additionally modified by sex and whether such objective changes to sleep are also 
demonstrated by subjective measures of sleep. Therefore, the aims of the present 
study were to examine the influence of age and sex, and the effects of interaction
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between sex and aging, upon sleep measures obtained by two methods, visually 
evaluated polysomnography and self-reported questionnaire in an exploratory 
analysis of 181 healthy men and women.
3.2 Methods
3.2.1 Study Population
A total of 181 healthy subjects aged 20-29 years old (21F/36M), 30-49 years old 
(18F/24M), 50-67 years old (28F/15M) and 68+ (25F/14M) were included in this 
exploratory analysis {per-protocolgroup). All subjects were healthy men and women, 
free of psychiatric, medical or neurological disorders, free from all primary sleep 
disorders (in accordance w ith DSM-IV guidelines) and w ithout dependency upon 
prescription medication or recreational drug usage. The formal criteria defining per- 
protoco/subjects used in this exploratory analysis are detailed in Chapter 2 (2.2.1 Per- 
protocol subjects)
3.2.2 Experimental Procedures
A flow  diagram and an overview of the exploratory analysis presented in figure 3-1.
Prior to any formal assessment, all subjects were given the opportunity to  review all 
study procedures and were required to  give a formal agreement (informed consent) 
prior to their participation in the study, in accordance w ith Good Clinical Practice 
guidelines of the International Congress of Harmonization (ICH GCP, 1996). Upon
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informed consent, subjects were medically screened (D-16, Visit 1). Of the assessed 
parameters, pertinent assessments at baseline include: a body mass index (BMI) of 
between 19 - 33 kg/m ^ confirmation of a basic reading ability and intelligence 
(National Adult Reading Test - NART; see Nelson, H., (1982). The National Adult 
Reading Test (NART): Test Manual. NFER-Nelson, Windsor, UK), a psychiatric 
evaluation (Mini International Neuropsychiatry Interview -  MINI; see Sheehan et al., 
1998) and subjective ratings of sleep behaviour over the last month (Pittsburgh Sleep 
Quality Index - PSQI see Buysse et al., 1989). For elderly subjects, an additional 
psychiatric evaluation was performed to screen for latent cognitive impairment (Mini 
Mental State Examination -  MMSE; see Folstein et al., 1975). Upon completion of 
medical screening, subjects were discharged from the clinical research centre, 
instructed to return w ithin 7 days having maintained a habitual bedtime of 23:00±1.0 
hours and nightly sleep duration of between 6.5 and 8.5 hours per night for 5 out of 
7 nights. Adherence to  this study requisite was evaluated using electronic sleep logs 
(e-diaries) and wrist actigraphy.
Subjects returned to the clinical research centre after several days for a habituation 
and polysomnographic screening (D-9, Visit 2). A re-evaluation of subjects eligibility 
was performed upon admission, w ith records of concomitant medications, xanthines 
and alcohol use during the non-residential period evaluated. Upon confirmation of 
eligibility, subjects received a light evening meal followed by the attachment of EEG 
scalp electrodes and PSG sensors. EEG was recorded from  the left and right central 
and occipital derivation w ith independent mastoid references (C3-A2, C4-A1, 01-A2
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and 02-A l). The electroocculogram (EOG) was recorded from the outer canthi o f the 
left (LOG) and right (ROC) eyes, with the electromyogram (EMG) recorded from the 
submental region of the jaw as a bipolar channel. Limb movements were recorded 
from the left and right anterior-tibialis, w ith respiratory effort monitored by airflow 
therm istor and thoracic and abdominal inductive plethysmography. Electrical 
impedances for all electrodes were below 5KO to  minimize skin potential artefacts. 
Signal quality was assessed (bio-calibrations) 15 minutes prior to  lights off, w ith a 
scheduled sleep time (lights o ff to  lights on) of 480 minutes from 23:00 to 07:00hrs. 
Upon awakening, subjects were medically assessed, issued w ith a wrist actigraph 
(Cambridge Neurotechnology Ltd, Cambridge, UK) and discharged from the research 
centre w ith instructions to  maintain a regular sleep schedule of 23:00-07:00hrs for 
the duration of the non-residential period. The acquired PSG data was then subject 
to analysis by the author, in accordance w ith the accepted guidelines (Rechtschaffen 
& Kales 1968; American Sleep Disorders Association, 1992), w ith respiratory events 
(apnoea-hypopnea index) and nocturnal limb movements evaluated. Subjects found 
to  have apnoea-hypopnea index (AHI) or periodic limb movement index (PLMI) 
associated w ith scores of greater than 15 events/hr. of sleep were excluded. Subjects 
returned to the clinical research centre following an inter-visit period o f 10 days (D- 
2, visit 3). Strict adherence to the habitual sleep schedule during the non-residential 
period was verified by inspection of wrist actigraphy data, w ith a substantial 
deviation from the agreed sleep schedule (a LOF of 22.00hr ±2hrs on more than 2 
nights out of 7 and w ithout prior agreement from the principal investigator or 
designee) resulting in subject exclusion. Upon confirmation of compliance, subjects
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were given a light evening meal and EMG, EOG and EEG scalp electrodes attached, 
with additional midline electrodes referenced to the left mastoid region (Fz-Al, Cz- 
A1 & Oz-Al). No other PSG sensors were attached to subjects. Sleep was confined 
to a 480 minute period from 23:00 to 07:00hrs.
Day (D) /  Night (N): 
Visit (V):
General
Medical
Screen
PSG/MSLT Screen
-16
V I
J 7 Night I 
maintenance 
of scheduled _ 
sleep times
D-9
Exploratory Analysis Period
V2
0 to 14 Night 
maintenance of 
scheduled 
sleep times
D-2 D-1
V3 (residential)
Figure 3-1: Schematic representation of the exploratory analysis. Adapted from 
figures 2-1 and 2-2
All PSG recordings were acquired using gold-plated scalp electrodes with touch proof 
female connectors and archived onto a Digital PSG recorder (Compumedics Siesta 
Ver. 3 /  Profusion PSG Online 2; Build 115). Amplified PSG signals were analogue-to- 
digital converted (sample rate 256Hz /  16-bit resolution) for all acquired channels, 
with data stored at 256Hz for EEG and EMG, and 128Hz for EOG. Archived PSG signals 
were stored in a raw, unfiltered format (up to 300Hz), with LF and HF filters only 
imposed upon viewable and exported data. Digital filters were imposed at 0.3Hz to 
70Hz with a 50Hz notch filte r for EEG and EOG channels and lOHz to 70Hz for EMG. 
The PSG was manually scored on 19inch sVGA/TFT screens using a minimum screen 
resolution of 1024 x 768 pixels and assessed per 30 second epoch, in accord with
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current guidelines (AASM Guidelines fo r Digital Media resolution). Descriptions and 
calculation methods of the objective sleep data derived from the manually scored 
PSG records are detailed previously (see Chapter 2; table 2-3).
Self-reported measures of subjective sleep efficacy were made upon awakening (D- 
1) in regard of the previous night's sleep. The sleep questionnaire was administered 
15 minutes post awakening, after subjects had completed their normal morning and 
to ile try routines. The self-reported ratings of sleep restoration (refreshed upon 
waking), sleep quality (subjective sleep quality), time taken to fall asleep (subjective 
sleep latency), number of awakenings, duration of awakenings and estimates o f the 
tota l time spent asleep (subjective tota l sleep time) were assessed using visual 
analogue scales (VAS) and performed and stored on an electronic diary (e-diary).
3.2.3 Data and Statistical Analysis
Data analysis was conducted by the author, w ith the assistance of the research 
statisticians at the Clinical Research Centre (University o f Surrey), using SAS 9.1 (SAS 
Software, SAS® Institute Inc, Cary, NC, USA). We used a two-way unbalanced analysis 
of variance (ANOVA) to test the main effects o f age (20-29 years old, 30-49 years old, 
50-67 years old and +68 years old age bands) and sex (women and men) upon 
objective (PSG) and subjective (self-reported) measures of sleep, and the ir 
interaction. All statistical modelling was performed using the PROC MIXED procedure 
and p values were not corrected for multiplicity.
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Unless otherwise indicated, all tabulated group values are expressed as the mean ± 
standard deviation (SD).
3.3 Results
3.3.1 Population Demographics
All subjects who participated in this investigation were free from any sleep disorders, 
w ith self-reported estimates of sleep quality and body mass indexes w ithin normal 
ranges. Table 3-1 details the number of eligible subjects, age, BMI and subjective 
assessment of sleep quality (PSQI) by sex fo r per-protocol subjects. Women were on 
average older than men by 9.38 years, although the greatest difference in age was 
observed w ithin the 50-67 year old group, no significant differences were observed 
in any age band or by sex (all subjects). BMI was higher in men for all age bands, with 
the only statistical difference being observed between young subjects (20-29 year old 
BMI; F(l,55) = 12.46, p = 0.0008). PSQI scores were higher in young (20-29 year old) 
and elderly (68+) women compared to men, although across all bands, the average 
difference in component scores was only 0.07 and not statistically significant, a fact 
which confirms the absence of any abnormal subjective ratings of sleep w ithin the 
study population.
3.3.2 Age-related effects on PSG and self-reported sleep measures.
Tables 3-2 and 3-3 describe the nocturnal PSG and self-reported sleep measures for 
all subjects in the 4 age bands. Age-related declines in sleep continuity measures
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were observed in total sleep time (TST) and sleep efficiency (SEI), where the younger 
subjects slept for longer and more efficiently than their older counterparts in each of 
the adjacent age bands. Moreover, significant increases were seen in both the time 
awake after sleep onset (WASO) and the number of awakenings (NAW) during sleep, 
w ith increases observed w ith aging. Significant effects were also observed in the time 
taken to enter REM sleep, although the greatest latencies were seen in the young 
(20-29 year old = 116.24±S5.30) and elderly (68+ = 104.02±59.14) sub-populations. A 
possible origin for this profile may be from 3 out of 5 subjects (outliers) w ith  the 
longest REM latencies coming from the 20-29 year old age band, w ith latencies of 
227.0, 261.0 and 320.5 minutes respectively. Although this was an unexpected 
finding, the results are in keeping w ith an earlier study of the sleep profiles o f new 
patient referrals to a clinical sleep disorders laboratory (Silva et al., 2007).
Analysis of the sleep stages revealed that the primary effects of aging were a 
reduction in the proportion of NREM stages 3 and NREM stage 4. Likewise, a 
significant age-related decline was observed in the proportion of REM sleep, although 
the amount of REM sleep was relatively stable in subjects up to  the 50-67 year old 
age band, w ith a steady decline thereafter. However, we observed no significant 
differences between age bands in the proportion o f NREM stages 1, NREM stage 2, 
sleep period time, sleep onset nor latency to  persistent sleep.
Self-reported measures of sleep failed to reveal any significant aging effects. 
However and notwithstanding the lack o f significance, ratings o f sleep restoration
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(refreshed upon awakening) demonstrated a clear improvement up to the 50-67 year 
old age band, after which a decline was observed. The inverse profile was seen in 
self-reported sleep latency, where the subjects reported shortening in the time to 
sleep onset up to  50-67 years old, followed by an increase in the elderly (68+ years 
old) group.
3.3.3 Sex-dependent effects on PSG and self-reported sleep measures.
The PSG and self-reported variables for men and women are presented in table 3-4. 
Analysis of sleep continuity measures revealed that men had significantly more wake 
after sleep onset (WASO) compared to women. Despite such a finding, the men in 
our population slept for longer, had more nocturnal awakenings, initiated sleep 
quicker (to NREM stage 2), entered REM sleep quicker and slept more efficiently than 
women. However, these measures failed to  achieve significance at the defined level 
o f significance. W ith regard to the sleep architecture, men spent more time in NREM 
stage 1 sleep than women. In contrast, women spent significantly more time in NREM 
stages 3 and NREM stage 4 than men, a finding consistent w ith the previous research. 
No significant differences between the sexes were observed in the amount of NREM 
stage 2 and REM sleep.
Analysis of self-reported sleep measures failed to reveal any significant effects 
between the sexes. However, we observed that women were more refreshed upon 
awakening and fe lt that they slept for longer, reported more awakenings and
105
reported more wake after sleep onset than men and whilst men rated overall sleep 
quality of one night sleep higher than women.
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3.3.4 Effects of Interaction between aging and sex on sleep measures.
Figures 3-2, 3-3 and 3-4 describe the changes in the PSG derived continuity, 
architecture and the self-reported sleep measures for men and women across the 
four age-bands. Total sleep time and sleep efficiency index showed comparable aging 
effects between sexes up to the 30-49 year old age band. Thereafter, women tended 
to have more sleep and better sleep efficiency than men, although the significant 
effects were observed between 50-67 year old subjects (p<0.001). Similarly, age- 
related increases in the number of awakenings and wake time after sleep onset were 
seen fo r both sexes, w ith women experiencing less wakefulness than men from 50 
years of age w ith a comparable number of awakenings, although the only differences 
were revealed in the 20-29 year old and 50-67 year old age bands fo r WASO (p<0.05 
respective) and 20-29 year old for NAW (p<0.001). This indicates that w ith aging, the 
number of awakenings increases independent of sex, although periods o f wake are 
longer in men than women. Moreover, sleep onset latency and latency to  persistent 
sleep also differed between sexes, w ith latencies higher in young women up to  49 
years, shorter in the 50-67 year old group and comparable between the sexes in the 
68+ group. Interestingly, sleep latencies in men remained largely unchanged across 
all age bands although IPS revealed a relative minor increase from 49 years. The 
proportion of sleep time spent in NREM stage 1 exhibited an interaction effect 
between sex and age, and was significantly higher in elderly men compared to  elderly 
women (50-67 year old; p<0.05, 68+; p<.0001). Furthermore, a clear dichotomy
108
between the profile for men and women was observed, w ith increases in stage 1 
sleep w ith aging seen in men and a decline in women, although an overall effect by 
age was not observed w ithin our model. Analysis of NREM stage 4 failed to reveal an 
effect of interaction between age and sex, despite a distinct divergence between 
sexes apparent and statistically evident from 30 years old onwards. However, 
analysis of slow wave sleep (NREM 3 & 4) revealed a modest effect of interaction, 
w ith the most noteworthy effects conserved in the 50-67 year old (p<0.05) and 68+ 
year old age band (p<.0001), w ith women expressing more SWS than men. The 
present data did not show any significant interactions for sleep onset latency, the 
number of awakenings, NREM stage 2 and REM sleep.
Self-reported measures of sleep failed to  reveal any significant effects of interaction 
fo r any assessed parameter. Nonetheless, a general tendency was observed, 
whereby older subjects (50-67 years old) tended to report more negative outcomes 
from sleep compared to younger (20-49 years old) and elderly (68+ years old) 
subjects. Likewise, women tended to  demonstrate poorer subjective sleep compared 
to  men across many assessed variables, although the profiles (increase or decrease 
w ith aging) were generally irregular.
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Table 3-4: Mean and standard deviations (SD) for PSG and self-reported sleep scored 
from the sleep recordings of 181 men and women describing the sex effects. 
Statistical significant differences between sexes are also indicated (p<0.05).
POLYSOMNOGRAPHIC (OBJECTIVE) SLEEP MEASURES
W omen  
(N = 92)
Men  
(N = 89)
P
Total Sleep Time (min) 408.52 (44.52) 409.12 (43.51) NS
Sleep Period Time (min) 451.03 (29.42) 457.28 (16.54) NS
Sleep Onset (min) 22.54 (23.18) 18 .41(13 .11 ) NS
Latency to Persistent Sleep (min) 25.50 (27.19) 22.56 (19.07) NS
W ake after Sleep Onset (min) 47.34 (38.25) 50.52 (40.12) 0.0039
Number of Awakenings (n) 19.61 (8.15) 21 .38 (11 .23 ) NS
Sleep Efficiency ((TST/TIB)xlOO) 85.18 (9.35) 85.25 (9.13) NS
REM Latency (min) 96.44 (44.36) 100.45 (55.53) NS
NREM Stage 1 (%  of SPT) 5 .61 (2 .25 ) 6.94 (2.96) 0.0003
NREM Stage 2 (% ofSPT) 44.59 (7.69) 44.43 (7.28) NS
NREM stages (% of SPT) 8.85 (4.22) 7.65 (2.96) 0 .0388
NREM Stage 4 (% o f SPT) 13.02 (5.98) 11.23 (7.15) <.0001
Slow Wave Sleep (% of SPT) 21.88 (7.01) 18.88 (7.66) <.0001
REM Sleep (% of SPT) 18.56 (5.10) 19.19 (5.04) NS
SELF-REPORTED (SUBJECTIVE) SLEEP MEASUERS
W om en Men
(N = 92) (N = 89)
Refreshed upon waking (vas) 59.18 (22.22) 58.25 (20.69) NS
Subjective Sleep Quality (vas) 43.94 (22.97) 46.24 (22.62) NS
Subjective Sleep Latency (min) 29.18 (65.47) 25.93 (30.04) NS
Number of Awakenings (n) 2.27 (1.82) 2.18 (1.60) NS
Wake After Sleep Onset (min) 50.25 (43.32) 22.20 (10.08) NS
Subjective Total Sleep Time (min) 429.15 (59.15) 424.18 (79.51) NS
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Figure 3-2; Sleep continuity measures as a function of sex and in age in 4 age bands. 
Data are reported as means ± SEM for a total of 92 women and 89 males. Significance 
denoted by *p<0.05; **p<0.01 & ***p<0.0001 for comparisons between women and 
men in the same age band. Significant interactions (effects) are detailed for each sleep 
variable. NS = Not significant.
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Figure 3-3: Sleep architecture measures as a function of sex and in age in 4 age bands. 
Data are reported as means ± SEM for a total of 92 women and 89 males. Significance 
denoted by *p<0.05; **p<0.01 & ***p<0.0001 for comparisons between women and 
men in the same age band. Significant interactions (effects) are detailed for each sleep 
variable. NS = Not significant
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Figure 3-4: Self-reported measures of sleep as a function of sex and in age in 4 age bands. 
Data are reported as means ± SEM for a total of 92 women and 89 males. Significance 
denoted by *p<0.05; **p<0.01 & ***p<0.0001 for comparisons between women and 
men in the same age band. Significant interactions (effects) are detailed for each sleep 
variable. NS = Not significant
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3.4 Chapter Discussion
In the present study, age and sex differences in the sleep of healthy adults as measured 
by PSG and self-reported means were examined. Our findings were able to clearly 
demonstrate that objective PSG measures were more sensitive to subtle age and sex 
effects upon sleep when compared to self-reported measures. PSG measures revealed 
a number of sex differences in sleep continuity measures, revealing more awakenings, 
more time awake and a longer latency to  consolidated sleep (SOL to NREM stage 2) and 
REM sleep latency in men compared to  women. Men however slept for longer and more 
efficiently than women. Conversely, men also expressed more NREM stage 1 sleep, but 
less NREM stage 3 and NREM stage 4 compared to  women. Our data fo r men and 
women also showed age-related reductions in total sleep time, sleep efficiency and tim e 
spent in REM sleep. Markers of fragmented sleep were shown to increase w ith aging, 
specifically the number o f wake episodes, duration o f wake after sleep and REM sleep 
latency, although the profile of age effects suggested that the youngest (20-29 year old) 
and oldest (68+) experienced the longest REM sleep latencies. Furthermore, declines 
w ith aging were seen in NREM stages 3 and 4, confirming the age-related attenuation, 
w ith young subjects generating longer periods of slow wave sleep compared to older 
subjects. Despite the apparent objective differences, self-reported measures failed to  
reveal any differences between the sexes or w ith aging for any measure. Interactions 
between age and sex effects upon sleep were confined to  NREM stage 1 and slow-wave 
sleep, where an increase in NREM stage 1 sleep and declines in SWS was seen in 
objective sleep measures of men's sleep compared to  women and w ith increasing age.
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Our findings were largely consistent w ith the current literature fo r differences in sleep 
measures between men and women and young and older subjects, w ith respect to 
objective measures of sleep continuity and sleep architecture. The objective measures 
essentially reveal that the sleep o f men is subject to  greater modification w ith aging 
than that of women, although only NREM stage 1 and slow-wave sleep showed any 
interaction effect. In light of NREM stage 1 sleep role as a transient, non-consolidated 
stage of sleep, whilst slow-wave sleep is considered to be the deepest stage of sleep 
where perceptual disengagement from the environment is at its greatest, modifications 
to  either stage will have profound effects upon sleep constitution and fragmentation. 
One can theorise that the sleep of men would be subject to greater fragmentation 
consistent w ith an increase in light sleep and reductions in deep sleep. However, in 
chapter 5, we will explore this relationship further using quantitative analysis methods, 
when the sleep of 51 healthy subjects will be experimentally challenged. Nonetheless, 
interaction effects in measures of sleep architecture (NREM stages 1 and SWS), confirm 
that changes in either measure were modified by both aging and being either male or 
female. To our surprise, this was not as true for differences in self-reported measures, 
where no differences were observed for any measure. W ith a sample size of 181 
subjects and given the statistical methods used in this analysis, were any age or sex 
differences present they should have been observed. Therefore, the major finding from 
these analyses was that in healthy subjects w ithout comorbidities, self-reported 
measures of sleep were unable to  detect the effect of aging or sex upon measures of 
sleep. In this regard, these results contrast many earlier studies, where subjective 
measures of sleep often demonstrate clear sex and aging effects.
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The primary focus o f this study was to provide some clarity towards the debate on the 
effects o f aging and sex upon polysomnographic (objective) and self-reported 
(subjective) sleep measures. It was our original hypothesis that age and sex effects upon 
sleep measures would be equivalent between the two methods o f evaluating sleep in 
healthy subjects. This now appears to  be incorrect. However, from  the perspective of 
the methodology employed in this study, our study is somewhat juxtaposed to a 
majority of studies reported in the literature. For it is the norm to  report the change 
from baseline or the effects of an intervention (e.g. drug therapy, sleep deprivation etc.), 
when applied to  the sleep of subjects. Therefore, it is probable that much of the limited 
variation seen in self-reported measures may be attributable to our methodological 
approach. In an earlier comparative study of subjective and objective estimates o f sleep 
by Baker and co-workers, subjective approximations of sleep were open to  greater 
variance as subjects considered their responses w ith less care, as fam iliarity w ith  study 
procedures increased (Baker et al., 1999). Likewise, O'Donnell et al., using a forced- 
desynchrony (FD) protocol in 40 healthy elderly subjects w ithout sleep complaints 
reported that subjects did not perceive poor sleep quality when sleeping within habitual 
times. However, during FD, subjective sleep ratings were more aligned w ith objective 
measures (O'Donnell et al., 2009). Although this may account for the limited variability 
in the subjective measure, it is only applicable fo r a repeated measured designed study. 
Therefore, it is quite plausible to assume that the absence of significant effects in 
subjective measures was largely due to the absence of a comparator fo r subjective 
estimations. Essentially, subjective measures were not significantly different because
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the individual's subjective perception of sleep was no different from their normal sleep, 
w ithin our research model. Whilst we believed that a strength of our research design 
was the absence of intervention or external modification to sleep for subjective 
measurements, these demonstrable differences are what define an individual's 
subjective perception of sleep. Therefore, a point of reference or "subjective anchor'' 
from  which the subjective measure can vary proportional to  the dependent variable 
being evaluated (e.g. aging or sex) is a prerequisite for subjective estimations. As such, 
the design of our study omitted this vital parameter, which may account for the lack of 
change in subjective measures. Nonetheless, such explanations fail to fully explain the 
absence of any relation between objective and subjective measures where a "subjective 
anchor" is apparent, such as for markers of behavioural awakenings (e.g. NAW, WASO) 
and the concomitant subjective estimations (e.g. sNAW, sWASO). In regard to  this 
specific measure, and given that our objective measure of an awakening was 
characterized by either significant or complete distortion o f EEG signals lasting for 
longer than 15 seconds (or 50% of any epoch o f sleep), where the baseline EEG 
frequency was observed as alpha through beta rhythm, it is possible that in healthy 
subjects, brief awakenings do not necessarily imply a behavioural arousal or awakening 
sufficient to  be laid down in memory. Baekeland and Hoy found that healthy young men 
were able to accurately estimate nocturnal awakenings, but only for events lasting for 
longer than 4 minutes (Baekeland et al., 1971). However, the current literature and this 
study both illustrate an increased prevalence of objective awakenings with aging, and 
moreover in men compared to women, one may surmise that the greatest differences 
would be observed in elderly male subjects compared to other groups. As no statistical
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differences were observed for any subjective markers of nocturnal awakenings (sNAW 
and sWASO) and only minor differences were observed in objective WASO measures 20- 
29 and 50-67 year olds, w ith moderate effects in NAW for 20-29 year old subjects, there 
is the suggestion that individuals may adapt their subjective perceptions of "normal" 
sleep to  be "acceptable" sleep (Vitello et al., 2004), whilst objectively sleep parameters 
exhibit age and sex-dependent changes.
In summary, this study demonstrates a number o f age and sex-related differences in 
sleep, largely consistent w ith the current literature. Furthermore, the utility  o f objective 
(PSG) measures in eliciting such differences, compared to self-reported measures is 
significant, specifically in healthy adults. This does not devalue the utility  o f subjective 
measures in single-measure trial design, but raises a question over the sensitivity of 
subjective measures in the absence of a subjective comparator. Furthermore, to  
effectively evaluate such effects, the subjective standard measure needs to be 
equivalent fo r both aging and between sexes. Historically, research paradigms have 
evaluated subjective changes from baseline around an intervention such as noise or 
sleep deprivation or reported subjective comparisons between clinical/complaining and 
healthy/non-complaining adult populations, as the primary measure. Therefore, where 
subjective evaluation techniques are to be applied, a prerequisite for the effective 
categorization o f aging or sex differences upon sleep measures in healthy adult 
populations may be an intervention, sleep pathology or a change from  baseline /  
repeated measure designed study w ithin the research methodology. Finally, our 
findings have important implications fo r studies where sleep variables are to  be
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reported; given the presence of aging and sex-related interaction effects in NREM stage 
1 and slow-wave sleep. Consideration should be made of population demographics and 
sex distribution, whereby maximum age range of should incorporate individuals within 
±10 years of the population mean and populations balanced between sexes. Inattention 
to  the influence of aging and sex in sleep studies may obscure or bias results.
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CHAPTER FOUR
Age and Sex Effects upon Sleep Measurements: Spectral EEG & 
topographic changes in healthy adults
123
4.0 Chapter Introduction
The relationship between objective measures of sleep and self-reported perceptions of 
the sleep have been defined previously in this thesis. In this chapter, we explored 
further aging and sex differences in sleep EEG through the investigation o f the 
topographic and regional differences, using quantitative measures of sleep.
4.1 Chapter Rationale
The EEG acts as a reliable marker of sleep and wakefulness, w ith specific components of
the EEG providing indications of the regulatory processes in sleep which define the
intensity of sleep. This is typified by slow wave activity (SWA; power density in the 0.5
to  4.0Hz frequency range), which exhibits an exponential decline across the night as a
function of prior wakefulness (Borbely 1982). SWA also denotes a marked reduction
in global cerebral activity, brain metabolism and blood flow  (Hines 2004, Landolts et al.,
2000). These changes in the EEG are what discriminates NREM from REM sleep and
sleep from wakefulness (Rechtschaffen and Kales, 1968). Likewise, sleep EEG also shows
frequency-specific cerebral regional differences. Werth and colleagues reported that in
young males (n=20; mean age 23.3year old), power between the l-2Hz frequency band
recorded from a frontal-central derivation was higher than in more posterior derivations
during the first half of the night (Werth et al., 1997). Likewise, an anterior predominance
was also reported for the power in the sigma range (13-15Hz; Werth et al., 1997).
Similarly, Kurth and colleagues also demonstrated a frequency-specific topographic
distribution for sleep EEG in children and adolescents (n=41; aged 8.7-19.4 years old;
males= 23), although a posterior-anterior shift was specific for the SWS frequency range
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(Kurth et al., 2010). This posterior-anterior shift mirrors cortical maturation (Giedd 
2004; Shaw 2008), and is consistent w ith the development of many behavioural 
functions, related to  the frontal-cortex not maturing until late adolescence (Luna and 
Sweeney 2004).
Much of the current perspective of the regional differences in sleep stems from research 
of slow wave sleep kinetics and in adult males (Dijk et al., 1986; Dijk et al., 1989; Werth 
et al., 1987; Cajochen et al., 1999). These studies revealed a frontal predominance of 
SWS and slow oscillations (Cajochen et al., 1999), although such specific regional 
distributions may reflect cortical plasticity resulting from learning processes (Huber et 
al., 2004), or synaptic density and activation (Tonini & Cirelli, 2006). Prompted by the 
noteworthy regional differences in the spectral EEG, are significant sex-dependent 
differences proportionate to  the aging processes, we explored the possibility of sex and 
age-related differences in sleep EEG topographic across the adult lifespan
4.2 Methods
4.2.1 Study Population
The results presented in this chapter utilise data from 181 healthy subjects, as described 
in the previous chapter. To avoid duplication, details on the subject recruitment, 
experimental design and the definition of per protocol subjects fo r this analysis can be 
found in Chapter 2 (2.2.1 Per Protocol Subjects) or the methods section of the previous 
chapter (see 3.2 Methods).
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4.2.2 Sleep data analysis
Sleep stages were visually scored from the C3-A2 and 01-A2 channels at a 30-second 
resolution, in accordance w ith standard guidelines (Rechtschaffen& Kales 1968). From 
these data, spectral analysis was performed on all epochs scored as NREM or REM sleep 
independently fo r three midline derivations (Fz, Cz & Oz). All physiological and non- 
physiological distortions of the EEG waveform were visually identified and manually 
excluded from the analysis. Spectral power was obtained using the fast Fourier 
transform (dFFT), performed on a 4-second Hanning window, giving an overall 0.25Hz 
resolution. Spectral power was evaluated fo r NREM sleep (NREM stages 1, 2, 3 & 4) and 
REM sleep, reduced to encapsulate the entire night and averaged fo r the 4 
physiologically significant frequency bands: delta (0.5-4.0Hz), theta (4.0-8.0Hz), alpha 
(8.0-12.0Hz) and sigma (12.0-15.0Hz).
4.2.3 Data and Statistical Analysis
Statistical analysis performed here was an extension of the analysis performed in the 
previous chapter. All data analysis was conducted by the author, w ith the assistance of 
the research statisticians at the Clinical Research Centre (University of Surrey), using SAS
9.1 (SAS Software, SAS® Institute Inc, Cary, NC, USA). A correlated-errors method was 
used to investigate the effects of age, sex and age by sex interaction upon spectral data 
by topographic region and frequency bin/band. All statistical modelling was performed 
using the PROC MIXED procedure and p values were not corrected fo r multiplicity.
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We applied the Cohen's d statistic to  illustrate the regional differences (effect size) 
between the power density values of men and women and the young subjects versus 
older subjects w ithin our population. Women and the older subjects were approached 
as "treatm ent" effects, whilst men and young subjects were treated as "controls". The 
Cohen's d values were then presented as a contour plot of the topographic regions for 
DC to 32.0Hz. Weak associations between the assessed effects (sex effects - women 
relative to men; age effects - young age band relative to the 3 older age bands), were 
defined by an effect size of less than 0.5 (to zero), and were signified by the light green 
to blue colours in the contour plots. Moderate associations (at 0.5 -  0.8 Cohen's d) were 
signified by yellow to  green colours, w ith strong associations (in excess o f 0.8 Cohen's 
d), denoted by dark yellows to red colours. Where no difference was observed between 
the age bands (young = older group effects), an effect size of 0 was referenced by a light 
blue colour, w ith negative effects (where the average effect of the older groups was in 
excess of younger subjects), symbolised by all light to dark blue.
Unless otherwise indicated, all tabulated group values are expressed as the mean ± 
standard deviation (SD).
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4.3 Results
4.3.1 Sleep variables derived from visual analysis
The visually scored sleep variables for men and women across the 4 age bands were 
reported previously (see Chapter 3, Table 3-2 to  3-4).
4.3.2 Spectral density and their relationships with age and sex
To give a general overview of sleep topography, figures 4 -la  to  4 - ld  present the mean 
and SEM for the spectral densities for three topographic loci (Fz, Cz & Oz) in NREM and 
REM sleep across the four age bands (20-29 years old, 30-49 years old, 50-67 years old 
& 68+ years old). The frequency bands were chosen on the basis of the previous and 
were inclusive of frequencies w ith known derivation-specific age-related changes. To 
visualise differences w ith aging whilst maintaining a visual relationship w ith the sexes 
o f the subjects, the EEG power spectra for 4 frequency bands was plotted fo r men and 
women. For all age bands, significant effects between men and women were evaluated 
using a correlated-errors model.
Across the age bands, spectral power was generally subject to an exponential decline 
w ith increasing age fo r both women and men, w ith a reciprocal trend observed fo r alpha 
activity in frontal and central derivations of NREM sleep in women from the 30-49 year 
old age band. Furthermore, in the REM sleep o f women, a pronounced age-related 
increase in spectral power was noted in the two oldest age bands fo r alpha and sigma 
activity across all derivations. Furthermore, w ith aging and across frequency bands,
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men generally exhibited lower spectral power compared to  women, with comparable 
changes observed fo r NREM and REM sleep.
Delta and theta effects: In the delta and theta frequency bands (figures 4 -la  & 4-lb ), 
increasing age was associated w ith a steady exponential decay for both NREM and REM 
sleep, although a minor increase was seen for older women (+50 years old) in the 
occipital channel during REM sleep which was not reflected by men. A number of 
significant effects were observed for both NREM and REM sleep, mostly observed 
between older adults (50-67 year old & 68+ year old age bands), although significance 
was also observed in 30-49 years old Cz and Oz NREM for delta and Fz and Oz in NREM 
sleep for theta. In NREM sleep, anterior EEG power values exceeded posterior values, 
while in REM sleep central values surpassed both frontal and occipital values. None of 
the measures revealed a significant interaction between age and sex.
Alpha effects: Alpha EEG power in frontal and central derivations (figure 4-lc) exhibited 
an almost bimodal profile for women in NREM sleep, declining from 20-29 years old to 
30-49 years old but increasing steadily thereafter. Occipital power expressed a similar 
trend, although the rate of increase from the 30-49 year old age band was not as great. 
EEG power in men tended to decline over the same period. In REM sleep, the rate of 
increase in EEG power was more profound in women for frontal and central derivations, 
although a generally negative slope was observed for the occipital derivation in women. 
Likewise, men tended to decline w ith aging, although a moderate increase in EEG power 
was seen between 30-49 years old and 50-67 year old age band for frontal derivations,
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with a plateau between the same age bands for central and occipital bands. Despite the 
widespread variations in alpha EEG power, significance was largely reserved to occipital 
derivations in older subjects, fo r both NREM and REM sleep. None of the measures 
revealed a significant interaction between age and sex.
Sigma effects: NREM changes in sigma activity (figure 4 -ld ) exhibited a gradual decline 
across age bands. Interestingly, sigma power was comparable fo r 30-49 year old age 
band fo r frontal, central and occipital derivations. The reciprocal behaviour was also 
noted in REM sleep, where for both men and women, a gradual increase was seen w ith 
aging, although the increase was somewhat attenuated in central and occipital 
derivations fo r men. This is a finding consistent w ith the reported age and sex increases 
in sigma (sleep spindle) frequency, described in the literature (Huupponen et al., 2002). 
Significant effects were observed in elderly subjects (68+) for all NREM derivations as 
well as the 50-67 year old age bands fo r central and occipital derivations. In REM sleep, 
significant effects were more evident in occipital derivations and in the elderly subjects, 
although none of these measures revealed a significant interaction between age and 
sex.
Significant results from the age*sex*derivation in the four frequency bands are 
summarised in table 4-1. We found significant interaction effects in the delta frequency 
band for age*derivation (p<0.0001) and sex*derivation (p=0.0034), where the spectral 
power in the delta band was seen to decline w ith aging and in both sexes. No effects of
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interaction were seen fo r age*sex or age*sex*derivation. Furthermore, no other 
interaction effects were observed in any other band.
4.3.3 Regional differences in EEG power density: relationship to age
Regional EEG power gradients along the midline derivations (anterior to posterior), are 
illustrated in figures 4-2a for NREM sleep, w ith REM sleep described in figure 4-2b. To 
represent the differences between adjacent derivations and across the frequency bins 
up to 32.0Hz in young (20-29 years old) and young-middle (30-49 years old), older- 
middle (50-67 years old) and elderly (68+ years old) age-bands respectively, contour 
plots of the effect size (Cohen's d) between subjects in the young and older age bands 
were produced. This gave a direct association between EEG power densities for 
frequency bins up to 32.0Hz, across each of the temporal midline loci.
Effects of age upon EEG power density along the midline derivations in NREM (figure 4-
2a), revealed consistent effects for slow wave activity (0.25Hz to  4.0Hz), w ith young
subjects expressing greater spectral power (relative to  older age-bands), in this region
across all derivations and w ith a minor bias towards frontal regions. However, w ith
advancing age, the size o f the effect was seen to increase, w ith the most significant
effects (>1.2 ES), between young (20-29 years old) and old (68+ years old) men, with
effects noted up to  6.0Hz frontally, but only up to 3.0Hz in occipital derivations.
Consistent but moderate effects (0.7±0.1 ES) in sigma activity (12.0Hz to 15.0Hz), were
also seen fo r women in frontal and central derivations for all age comparisons. Such
effects were not manifest in occipital derivations, although an increase in spectral power
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for the sigma range was evident between 20-29 year old and +50 year old men. 
Likewise, fo r comparisons between the youngest men age bands (20-29 years old & 30- 
49 years old), specific effects were noted in occipital derivations fo r across a number of 
high frequency EEG bins (17.0Hz to  25.0Hz; ES = 0.5 - 0.7). However with advancing age, 
these effects appear to become more "topographically global" in men, given the 
breadth of frequencies where an effect was observed, w ith all frequencies up to 32.0Hz. 
Whilst such findings are consistent w ith known aging-related declines in neural plasticity 
(Burke & Barnes 2006), the widespread nature o f these effects upon multiple brain 
regions o f young men, w ithout concomitant effects being observed in women may 
purport towards a differential aging process in men compared to  women. Furthermore, 
these findings are suggestive of a differential age-related global attenuation of sleep 
EEG, specifically evident in men in for all topographic derivations, w ith effects most 
notable from the 5^  ^ decade of life onwards. We also observed that young women 
exhibited moderate increases in power density across the high beta range (24.0Hz to 
32.0Hz), for frontal and central regions, relative to the oldest age-band (68+ years old), 
suggesting a regional declines in cortical synchronisation related to  aging.
Comparisons between age bands in REM sleep (figure 4-2b) revealed a similar effect 
profile in the delta band to that of NREM sleep, where both young men and women 
expressed greater spectral power relative to older groups across all topographic regions. 
However, a consistent and high beta effect was noted specifically in women. A 
moderate effect (0.5-0.6 ES) was observed in frequencies for 23.0Hz up to  32.0Hz in the 
youngest age bands analysed (20-29 years old relative to  30-49 years old subjects), in
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frontal regions. W ith increasing age, more effects were noted across the power spectra, 
across all topographic regions fo r all age bands. Effects in men were more evident along 
occipital derivations, with the youngest subjects having greater spectral power in this 
region compared to all other age bands, although the effect size conferred the 
difference in spectral power to  be in the order o f between 40% and 60% increase 
compared to older subjects. Furthermore, effects in frequencies up to  32.0Hz appear 
more widespread in men w ith advancing age, w ith subtle effects evident across frontal 
and central derivations. In women, a more clear demarcation in effect was noted, with 
older subjects (50 years old and older), expressing less beta activity in frontal and central 
derivations relative to  younger subjects. Likewise, effects across the mid-high beta 
range (20.0Hz to  27.0Hz), in men exhibited a moderate age effect, w ith younger men 
expressing more spectral power than the ir older counterparts in all observed 
derivations, w ithout similar effects observed in women or by age band.
4.3.4 Regional differences in EEG power density: relationship to sex
Figures 4-3a and figure 4-3b, illustrate the effects of sex upon EEG power density along 
the midline derivations in NREM and REM sleep respectively. The contour plots of the 
effect size (Cohen's d) between women and men across four age bands were produced. 
This gave a direct association between EEG power densities for frequency bins up to 
32.0Hz, across each of the temporal midline loci.
The NREM sleep of young subjects (20-29 year old age band), women had more spectral
power than men in frequencies from 5.0Hz to 14.0Hz, in all derivations, w ith no overall
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difference (men = women) for delta activity. Additional moderate effects were noted in 
beta activity range for occipital derivations, although similar effects in frontal and 
central derivations were less pronounced, suggestive of a posterior prominence fo r the 
loci of NREM sex differences in young subjects. However, in the sigma and low beta 
range, the spectral power o f young men exceeded that of young women by 
approximately 20% (ES = -0.2). In the 30-49 year old group, women had profoundly 
more spectral power across frequencies from 13.0Hz to 15.0Hz in frontal and central 
derivations, although in occipital regions, the effects were evident up to  17.0Hz. 
Similarly, a strong occipital effect was noted in mid-beta frequencies in frontal 
derivations. For all other frequencies in this age band, women expressed equivalent 
spectral power relative to men. Compelling and diffuse effects were observed in the 50- 
67 year old age band, w ith effects not limited to specific brain regions and evident in 
frequencies up to 32.0Hz, w ith prominent effects seen in high beta, w ith spectral power 
higher in women. Likewise, in the 68+ year old age band, significant effects (+1.3 ES) 
were observed in frontal to  occipital derivations up to 16.0Hz, w ith moderate effects 
(0.4 to 0.6 ES) over the remaining frequencies. However, noteworthy effects were 
observed in the alpha range in frontal and central derivations, w ith a substantial shift in 
effects towards theta and delta activity in occipital regions. Furthermore, in high beta 
frequencies (28.0Hz to 32.0Hz), spectral power in men was greater than seen in age 
matched women (ES = -0.2). In older subjects, effects were more global across all 
topographic regions.
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The effect of sex upon EEG power density along the midline derivations in REM (figure 
4-3b), revealed the youngest women (20-29 years old) relative to  men had a marginally 
higher spectral power in frequencies up to  13.0Hz in occipital derivations, and up to 
9.0Hz in frontal and central regions, although in the sigma frequency band, effects were 
observed in all derivations, w ith the greatest effects observed in occipital regions. A 
similar profile was observed in the 30-49 year old age band, where women were 
observed to have higher spectral power fo r frequencies up to  15.0Hz in all derivations, 
although the effect size in the sigma frequencies was equivalent between women and 
men in frontal regions. Moderate effects were also noted in high beta activity, across 
all brain regions, w ith additional effects observed in occipital derivations in the mid beta 
range. Comparisons of women and men in the 50-67 year old age band revealed 
essentially moderate (ES = 0.5 to  0.7), global effects across all frequency bins analysed, 
although no overall difference in spectral power was noted (women = men), in frontal 
regions in the sigma range. The greatest effects were observed between women and 
men in the 68+ year old group. Significant effects were noted up to 16.0Hz, w ith the 
greatest effect observed in the alpha range, where the size o f the effect equating to a 
140% difference between the women and men in frontal and central derivations, with 
effects o f a similar magnitude noted in slow wave and in theta activity.
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4.4 Chapter Discussion
The present analysis of the age and sex-dependent changes in the sleep EEG topography 
in 181 healthy adults had two distinct aims: firstly, we wished to appropriately describe 
the changes in four sleep EEG frequency bands (delta, theta, alpha & sigma), across 3 
midline topographic regions (Fz, Cz & Oz), in women and men. Secondly, our intention 
was to quantify the effects of aging and/or sex upon quantitative measures of sleep 
along the anterior-posterior axis of the cortical mantle and evaluate the level of any 
relationship in individual 1.0 hertz frequency bins.
Firstly, our findings are largely in keeping with previous observations that normal aging 
is associated with a marked decline in EEG power in frequencies up to the 11.0 Hz in 
both NREM and REM sleep (Dijk et al., 1989; Landolts et al., 2001; Carrier et al., 2001). 
However, our data also provides some indication of sex-specific, localized aging effects 
across a number of topographic derivations in the sleep, with noteworthy effects noted 
in comparisons of young relative to older men. The effects of age also corroborate 
previous observations, with the greatest attenuation in EEG power seen in elderly men 
compared to young women (Mann & Rosckhe, 2004), with effects of aging upon NREM 
sleep appearing more "topographically global" in men. Whereas in women, increased 
spectral power across a number of high frequencies EEG bins of NREM sleep were more 
distinct and a regional foci for effects, with slow wave and sigma activity the only areas 
of the power spectra notably modified by both aging and sex. Conversely, the observed
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aging and sex effects in REM sleep were more "regional", specifically in men, where 
effects were observed principally in posterior derivations, with women exhibiting a more 
frontal loci for aging effects. In general, the most significant effects were noted in low 
frequencies (delta activity) for both age-related and sex-dependent comparisons, with 
additional effects evident across sigma and the high frequencies of NREM sleep. A 
number of relatively subtle effects were also noted in the analysis of the young women 
relative to young men, suggesting that sex differences may be evident in quantitative 
measures of sleep from the decade of life (20-29 years old).
EEG frequency bands in sleep reflect the synchronised oscillations of the membrane
potential of cortico-thalamic networks (Steriade 1999). The level of this activity is
believed to be proportionate to the duration of prior wakefulness, the homeostatic
component of sleep which underlies much of our current understanding of sleep (Dijk
et al., 1995). Our findings clearly demonstrate the effects of both aging and between
sexes is evident in sleep EEG in delta and sigma regions during NREM sleep, which is in
accord with the previous literature. However, in a well cited study by Carrier and
colleagues, they found that the effects of both aging and gender varied according to EEG
frequency, although no interactions emerged between aging and sex (Carrier et al.,
2001). They proposed that aging processes does not differentially influence men and
women. Whilst we are in agreement with the essence of their conclusions (with specific
reference to the aging and sex variance by EEG frequency), we observed additional
effects only evident when the topographic loci was included in the evaluation of the
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effect, rather than direct comparisons which were found to be too subtle to be 
supported statistically. Our data demonstrate a clear pattern of age-related frontal 
augmentation of high frequency EEG power density in the NREM sleep for old relative 
to younger women, whereas in men, a more global attenuation of EEG was observed. 
Likewise, in REM sleep, an increase in occipital spectral power from l.OHz to 32.0Hz for 
all age comparisons in young men was observed, whilst a frontal prominence was noted 
in young women, with the largest effects observed in young relative to the oldest 
groups. Although our data points towards a regional aging effect for NREM sleep in 
women, with more global aging effects observed in men, with regional effects also 
observed in REM sleep for men, we were unable to appropriately and full evaluate the 
nature of this effect. In our analysis, we explored the additional effect of EEG derivation, 
as a repeated measure within our correlated-errors statistical analysis model. Given the 
anterior-posterior gradient for the diminution of EEG signal amplitude through cortical 
matter, we hypothesised that a number of statistical differences by topographic 
derivation would be evident in our data. However, had the EEG amplitude been 
normalised across topographic derivations prior to statistical analysis, then not only 
would any (statistical) difference illustrate a true effect, but we believe subtle sex- 
dependent effects would have greater prominence within the EEG power spectra and 
thus would elicit a higher statistical influence on age*sex interactions. We are unable to 
perform an analysis on normalised EEG data, but would view this as an avenue for future 
research.
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Other possible explanations for our findings may involve age and sex specific 
modifications to white matter integrity, with resultant changes in brain plasticity. Age- 
related changes in synaptic density and white matter volume have been shown to 
underlie greater fragmentation of sleep (Carrier et al., 2011). Furthermore, consistent 
and reproducible age-related shrinkage of the prefrontal cortex has been reported 
(Kennedy & Raz 2009), with little reproducibility in sex-related hemispheric differences 
in cortical volumes have been described previously (Raz et al., 2007). Furthermore, 
increasing evidence identifies cerebral plastic processes during wake (e.g. psychomotor 
vigilance when driving along a new route), produce increased synaptic strength, which 
during subsequent slow wave sleep (in NREM sleep), the downscaling in synaptic 
strength enables learning to occur following sleep, due to the resumption of synaptic 
potentiation (Tononi and Cirelli 2006).
The effect upon sigma EEG activity in our analysis suggests that a prominent sex-related
difference was evident in the REM sleep of the youngest subjects (20-29 years old
women relative to 20-29 years old men). However, at this juncture, we should make
clear that sigma activity is synonymous with sleep spindles, which ordinarily are absent
for sleep to be reported (scored) as REM sleep. Our visual assessments of the sleep EEG
will have excluded the inclusion of sleep spindles in epochs scored as REM, which
terminates this as potential source for these findings. However, the presence of EEG
oscillations in the 12.0Hz to 15.0Hz range should be deemed as permissible within both
NREM and REM sleep, and thus changes in this specific range of the power spectra are
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worthy of commentary. As such, previous reports have shown that sigma exhibits a left-
frontal predominance (Fpl-A2), with a higher occurrences' noted for women compared
to men and in the young compared to the elderly, with a central to occipital drift
proportional to age (Huupponen et al., 2002). However, our findings also indicate that
the sex-specific effects in the sigma activity of REM sleep was evident across all
topographic derivations, with young women expressing greater power densities in this
frequency band relative to men, with a prominent posterior-anterior gradient. Whilst
sleep spindles are believed to mediate several sleep functions, including disconnection
from the external environment, cortical development and memory consolidation (Holz
et al., 2012), it may be tempting to speculate upon their role in the modifications to
sleep continuity, a relationship which we will explore further in chapter five. However,
much of the current evidence does not afford sigma EEG activity a prominent role in
sleep regulation. Rather, the age-related reductions in sleep-dependent memory
consolidation are thought to be due, in part to the changes in sigma activity (Fogel et al.,
2012), although such effects are beyond the scope of this exploratory analysis. Where
our data provides some direct evidence of an aging effect was the clear topographic
difference was seen in the NREM sleep young relative to older subjects, hinting towards
a normalisation in sigma oscillations with aging. Interestingly, differences in the NREM
sigma activity was evident in our analysis of the two youngest women age bands (20-29
years old relative to 30-49 years old), but absent in age-matched men. This may
illustrate an earlier onset for an age-related decline in sigma activity in young women,
although the absence of a concomitant change in men does not confer that no changes
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have occurred, just that the magnitude of a change was less (ES between 0.3-0.5). 
Furthermore, in REM sleep, sex-specific effects were observed in comparisons between 
young women and men (20-29 years old), with a clear posterior-anterior gradient (see 
figure 4-3b). This further provides indications towards an earlier onset for age-related 
declines in this stage of sleep, but also provides a causal link to occipital regions as a loci 
of the declines in sigma. While the involvement of occipital regions in the observed 
changes in sigma activity in REM sleep contrasts earlier findings (Landolts et al., 2004), 
our findings remains consistent with sleep as a local process, but suggests that sex- 
specific effects may elicit topographic regional differences.
Studies suggest an age-related anterior-posterior shift in power has been reported in
the 3.0 - 7.0Hz range in both NREM and REM sleep (Landolts et al., 2001), although
differences have also been reported in frequencies up to 11.0 Hz in men (Dijk et al.,
1989) and between sexes (Armitage et al., 1997). As EEG oscillations in the delta and
theta range are functionally related to learning during wakefulness (Buzsaki 1998), and
given that modulations in cortical plasticity suggest a frontal prominence for these
oscillations (Huber et al., 2004). Furthermore, Stickgold and co-workers proposed that
experience-dependent neuronal changes which occur during SWS and REM sleep
facilitate memory consolidation (Stickgold et al., 2000). Our results are in general
agreement with the findings cited previously, although our focus was not to evaluate
changes to memory or learning. Rather, our exploratory analysis evaluated effect in
NREM and REM sleep via comparisons between age bands and between sexes. We
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conclude that differences (-effect sizes) become more prominent with aging and are also 
evident between sexes. However, in our healthy population, the involvement of 
posterior derivations in aging and sex-related differences during NREM sleep was far 
less than we had predicted. Furthermore, the presence of subclinical cerebral 
pathologies or the effects of pre-existing cerebral trauma cannot be fully excluded, with 
specific reference to our older subjects. We applied psychometric performance 
measures (MMSE, MINI and NART) within our study design to minimise the impact of 
any potential comorbidities which may have modified performance, although there 
remains the capacity for some potential involvement.
In summary, in the absence of pathology or trauma, our data supports a position that
aging is a substantial determinant of brain plasticity, and the changes therein. However,
being a woman or a man additionally modifies these aging effects to a lesser degree, but
in a topographically regional fashion. Whether such effects are related to local changes
in cerebral processes which serve primary sleep functions or reflect changes in
homeostatic drive remains unclear. However, the influence of such change upon sleep
propensity, cognitive impairment (declarative, procedural & visuospatial memory),
neurodegenerative disease and prevalence of psychobiological disorders such as
insomnia, have yet to be fully established. The current research provides compelling
indications towards the greater attenuation in EEG frequencies in both NREM and REM
sleep oscillations in men relative to women. Moreover, there is ample evidence within
the literature to suggest that the age-related and sex-specific changes in sleep are, in
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some way involved in the modifications to sleep continuity, although the regional 
differences in REM sleep have received less research interrogation. Thus, it is difficult 
to conclude whether the topographic regional effects seen in REM sleep are clinically 
significant.
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CHAPTER FIVE
Effects of Sleep Fragmentation on the Measurement of Sleep: Objective 
and subjective parameters in healthy young subjects aged 20 to 78
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5.0 Chapter Introduction
In the previous chapter, we explored the effects of aging and sex upon sleep EEG 
topography in healthy adults. The current chapter now evaluates the sleep response to 
experimental sleep fragmentation (ESF). The premise for this chapter is to test two core 
beliefs in sleep: firstly, that reported aging and sex-specific changes to sleep determines 
the resistance of sleep to environmental challenge and secondly, the subtle sex- 
differences reported in the literature may be exposed when sleep is challenged. We 
investigated the objective and subjective measures of sleep in 51 healthy adults across 
the adult lifespan over several nigh 
t  of ESF.
5.1 Chapter Rationale
The effects of experimentally induced sleep fragmentation have been described 
extensively (Stepanski et al., 1984; Roehrs et al., 1994; Stone et al., 2001) and used 
widely to provide a human model sleep maintenance insomnia in healthy subjects 
(Cluydts et al., 1995). Several experimental models have been developed to replicate 
environmental disturbance of sleep in healthy subjects, including nocturnal exposure to 
heat and tactile stimulation (Leibert et al., 1991), with the intention of observing the 
response of the sleep homeostat to disturbing stimuli (Roehrs et al., 2006). Of the 
available ESF methods, the repeated or continuous presentation of an auditory stimulus, 
at various periodicities and of a sufficient intensity to interrupt sleep (Bonnet & Arand
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2003), is shown to be most effective, in healthy subjects, ESF has been shown to 
increase EEG arousals, transient awakenings, NREM stage 1, sleep onset latency, sleep 
stage transitions (Roehrs et al., 1994; Roehrs et al., 2005) and noise-related cortical 
activation (Di Nisi et al., 1990), whilst reducing slow wave sleep and sleep period time 
(Griefahn et al., 1978; Cluydts et al., 1995). Although the utility and efficacy of ESF is 
well defined, the functional significance of this method is the controlled and 
reproducible challenge to sleep continuity and the sleep homeostat in healthy subjects. 
This enables the non-invasive and experimental modeling of sleep disorders in healthy 
subjects (Cluydts 2003), where the frequency of pathological arousal can be identified 
(e.g. sleep apneas, periodic limb movement disorder), or the associated daytime 
impairment of fragmented sleep (e.g. primary insomnia).
A further utility for ESF stems from the suggestion that any sex differences in sleep, while
subtle under baseline conditions, may increase in magnitude under biological or
environmental challenge (Armitage et al., 2000). Whether the noteworthy age-related
differences in the sleep electroencephalogram (Dijk et al., 1989, Armitage 1995,
Mourtazaev et al., 1995 Ehlers et al., 1997, Carrier et al., 2001), the consistent sex-
dependent attenuation of delta EEG (Mourtazaev et al., 1995, Armitage 1995), theta EEG
power (from 0.25 to 11.0 Hz) in young females compared to male subjects (Dijk et al.,
1989), are "subtle" is open to question. Furthermore, some ambiguity may remain given
the relative redundancies of the various mode of sleep measurement. In the previous
chapter, self-reported measures of sleep failed to effectively describe objective changes
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when sleep was not subject to challenge. However, at present, the only reported sex 
difference in the response to ESF has been reported by Latta and colleagues (Latta et al., 
2005). The paper by Dr Latta investigating sex differences in delta and alpha EEG activity 
in healthy older adults revealed that inadvertent ESF from blood sampling via indwelling 
cannulae resulted in higher SWS amplitudes and absolute delta activity in females 
compared to males. Furthermore, when NREM delta activity was normalized for the 
activity in REM sleep, the observed sex differences in delta power is reversed, with lower 
activity in women. Furthermore, Dr Latta observed a number of sex-differences in the 
sleep EEG of older adults consistent with sex differences in subjective sleep complaints 
within the general population (Latta et al, 2005). Dr Latta went on to suggest that the 
observed differences in sleep EEG may result in an increased fragility in sleep, making 
sleep more susceptible to environmental disturbance. Furthermore, the noteworthy 
regional differences reported previously (see chapter 4) and the literature by both sex 
and aging (Dijk et al., 1986; Dijk et al., 1989; Cajochen et al., 1999), suggest some 
topographic difference to ESF along the lines of aging or sex.
Whilst the literature provides compelling evidence of age- and sex-related differences 
in number of sleep measures across wide frequency range, it remains unclear whether 
experimental challenge will elicit a divergence in sleep EEG with aging, sex or an 
interaction between age and sex. Whether such observations will provide a cursory 
indication towards a differential response in the sleep homeostat, mediated by sex is 
presently unclear.
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The aims of the present study were to assess the impact of ESF on age and sex 
differences in sleep measures. This study also provides an opportunity to evaluate EEG 
topographic differences along the anterior-posterior axis. Based upon the 
aforementioned literature (Latta et al., 2005), we hypothesize that the attenuation of 
delta EEG amplitude will afford less resistance to the effects of sleep fragmentation 
upon sleep propensity. This will elicit increased cortical activation during sleep in an age 
and sex-dependent fashion. To test this theory, we examined the sleep EEG of 51 
healthy young subjects over eight consecutive nights, with sleep experimentally 
disrupted by an 8hr recording of traffic noise.
5.2 Methods and Measures
Data used in this study were from the placebo arm of a larger clinical trial (see 2.1.1 
Experimental Study Two for a detailed synopsis of the study), with baseline data (N-1) 
used in the previous chapters.
5.2.1 Study Population
A total of 51 healthy subjects aged 20-49 year old (7F/16M) and 50-78 year old
(16F/12M) were included in this exploratory analysis {per-protocol group). All subjects
were healthy men and women, free of psychiatric, medical or neurological disorders,
free from all primary sleep disorders (in accordance with DSM-IV guidelines) and w ithout
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dependency upon prescription medication or recreational drug usage. The formal 
criteria defining per-protocol subjects used in this exploratory analysis are detailed in 
Chapter 2 (2.2.1 Per-protocol subjects)
5.2.2 Experimental Procedures
A schematic diagram of the study design is presented in figure 5-1. To avoid duplication, 
study procedures up to and inclusive of D-1 have been described previously (see 3.2.2 - 
Experimental Procedures). Therefore, procedures from this point on are described here.
D-1 to N1 (Visits): Subjects were instructed to remain awake and were given tasks and 
stimulation to maintain vigilance throughout the day. From 18:00hrs, subjects were 
given a light evening meal and EMG, EOG and EEG scalp electrodes re-attached along 
standard and midline derivations, referenced to the left mastoid region (C3-A2, 01-A2, 
C4-A1, 02-A l, Fz-Al, Cz-Al & Oz-Al). No other PSG sensors were attached to subjects. 
Confirmation of electrical contact below 5kohms and biological calibrations were 
performed after which, subjects received placebo with 250mls of water (22:55hrs) and 
retired to bed. Sleep was confined to a 480 minute period from 23:00 to 07:00hrs (Nl). 
Sleep fragmentation was initiated through continuous playback into the sleep 
environment of a recording of traffic noise. The ESF was presented through wall 
mounted uni-directional speakers, located 1.2m above the head position. The mean 
overall noise level was 52dB(A) with a dynamic range of 32 (background noise) to
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77dB(A). Upon awakening (Dl), subjects was asked to rate their subjective perception 
of the previous night via e-diary (see table 2-4 for questionnaire articles).
N2 to D8 (Visit 3): Procedures for D-1 to N l are repeated nightly for a further 6 days 
(N2-N7). Upon awaking (D8), subjects were again asked to rate their subjective 
perceptions of the previous night. Once completed, subjects were medically assessed 
to confirm normal psychomotor and cognitive functions and discharged from the unit.
Day (D) /  Night (N): 
V is it (V);
General
Medical
Screen
PSG/MSLT Screen
- 1 6  I TNiÿht
maintenance 
V I ofscheduled
sleep times
D-9 I OtoMNisht
maintenance of 
scheduled . 
sleep times
D l to 0 /
V3 (residential)
Figure 5-1: Schematic representation of the exploratory analysis of healthy adults at 
baseline and over 7 nights of sleep fragmentation. Adapted from figure 2-2.
5.2.3 Data and Statistical Analysis
The age stratification of this study was significantly reduced due a higher than expected 
loss of signal quality in EEG signals. Quality control procedures (impedances <5.0kOhms 
& biological calibrations) ensured sufficient record quality for visual analysis techniques. 
Following manual artifact rejection, each EEG recording was subjected to further data
1 6 0
quality review (quality assurance). For all recorded channels of sleep EEG, up to a total 
of 480 minutes (8 hours) from LOF would yield a maximum of 28,800 four second 
spectral analysis windows (sub-epoch) per each EEG derivation. For any record found 
to  have more than 25% of the total sub-epochs (=7200 sub-epochs), affected by artefact 
in any single EEG channel was subjected to a further independent analysis by two 
experienced technicians. Concordance between acceptable and rejected sub-epochs 
was performed. If an agreement of greater than 25% of rejected epochs was found 
between the two technicians, for any chosen EEG channel, the individual channel was 
rejected. This resulted in a loss of 50% of the available 102 subjects. Therefore, only 51 
subjects had evaluable EEG data for this exploratory analysis.
Statistical analysis was conducted by the author, with the assistance of the research 
statisticians at the Clinical Research Centre (University of Surrey), using SAS 9.1 (SAS 
Software, SAS® Institute Inc., Cary, NC, USA). Power density values were log transformed 
prior to statistical analysis so that variations could be approximated with a normal 
distribution. A correlated-errors statistical model was used to estimate the effects of 
age, sex and night (N-1 to N7 & D-1 to D7), upon objective and subjective measures of 
sleep. Interaction effects were also evaluated (age*sex*night). Given the relationships 
and repeated measures within and between data sets, the application of a correlated- 
errors model enabled estimates for the fixed effects to be approximated against all 
related effects whilst conserving the degrees of freedom within the model. The "fixed"
effects were the population wide effects of age and sex. All statistical modelling was
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performed using the PROC MIXED procedure and p values were not corrected for 
multiplicity.
Unless otherwise indicated, all tabulated group values are expressed as the mean ± 
standard deviation (SD), with alpha for main effects set at <0.05.
5.3 Results
5.3.1 Population Demographics
All subjects who participated in this investigation were free from any sleep disorders, 
with self-reported estimates of sleep quality and body mass indexes within normal 
ranges. Table 5-1 details the number of eligible subjects, age, BMI and subjective 
assessment of sleep quality (PSQI) by sex for per-protocol subjects. Women were 
younger than men within each of the age groups analyzed, although for all subjects, men 
were 4.39 years younger than women. BMI's and PSQI scores were higher in males 
compared to females, although no significant differences were observed, confirming the 
absence of any abnormal age, anthropometric or subjective sleep ratings effects within 
the study population.
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5.3.2 Sleep fragmentation, PSG and self-reported sleep measures: age & sex effects
Comparisons between sleep parameters at baseline and following several nights of sleep 
fragmentation for PSG and self-reported measures are described in tables 5-2a-b (age 
comparisons) and 5-3a-b (sex comparisons). Comparisons between subjects by age by 
baseline and following sleep fragmentation revealed significant effects for TST, WASO, 
SEI and SWS, with additional effects observed for REM sleep on the 2nd and 3rd night 
of ESF. There were statistically significant effects of ESF on sleep, with age*ESF 
interactions observed for TST, SEI, NREM stage 2 and REM sleep, with initial reductions 
observed (D l to D3), with aging for all of these measures, with the exception of NREM 
stage 2 where initial declines were seen in women, with minor increases seen in men. 
There were no differences in SWS or markers of sleep fragmentation, suggesting that 
ESF does not differentially affect sleep (young compared to old). Self-reported 
parameters revealed limited effects by ESF day, although noteworthy effects of the 
model were observed for sleep quality, sleep latency, the number of awakenings and 
wake after sleep onset with no interaction effect observed.
Sex-dependent responses to ESF revealed that effects were mostly conserved within 
sleep architecture measures, with effects observed within NREM stage 1, SWS and REM 
sleep. However, group effects were limited by sex to NAW, NREM stage 1 and REM 
sleep, whilst the effect of the ESF model revealed extensive effects. Only SPT, NREM 
state 1 and NREM stage 2 failed to reveal a significant effect (p<0.05). Surprisingly, the
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only sex-specific interaction effect was observed in SWS, were ESF resulted in an initial 
reduction in both men and women, although the greatest effect was observed in both 
young and older men. However, the effect of ESF on NREM stages 3 & 4 had largely 
returned to baseline measures by N6 for both men and women. This suggests that the 
SWS response to environmental stimuli may respond differently between sexes. Self- 
reported measures failed to elicit significant sex effects, with the exception of subjective 
TST. Significant effects were seen for the model, although no effects by sex or 
interaction were observed.
5.3.3 Sleep fragmentation: PSG and self-reported measures relative to baseline
Figures 5-2 (PSG) and figures 5-3 (self-reported) describe the relationship between ESF 
(N1-N7) relative to sleep under baseline conditions for the two age-bands.
Polysomnographic measures relative to baseline, revealed that 20-49 year old women 
had less sleep (TST) compared to men over the several ESF nights, whereas in the 50-78 
year old group, men experienced the greater reduction in TST. Statistical analysis 
revealed a weak interaction between aging and sex (p=0.0468) suggestive of a greater 
loss in TST when sleep is challenged in men compared to the sleep of age-matched 
women. Surprisingly, both young women and men took less time to fall asleep (SOL) for 
N l, with ESF reducing SOL (relative to baseline SOL) for all ESF nights. For older subjects, 
SOL was relatively stable across ESF nights in both men and women, with the exception
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of N2 for women, where a 25% increase in SOL was observed. Conversely, the time to
consolidated sleep (LPS) was relatively stable and unchanged in both young men and
women, whereas a 35% increase was observed in older women after N l, whilst older
men remained relatively unchanged across the several nights of ESF. For nights N2 to
N7, LPS measures in older women were subject to some variability, with an elevated LPS
relative to baseline for all nights. Sleep architecture was subject to a number of changes
across several nights of ESF. An initial increase in NREM stage 1 was observed in young
women for N l, which then appeared to stabilize relative to baseline for nights N2 to N7.
In young men however, NREM stage 1 sleep relative to baseline remained unchanged
for night N l. For successive nights, a gradual decline in NREM stage 1 sleep was
observed. Thus, by night N6, nearly 25% less NREM stage 1 sleep was expressed in young
men in response to ESF. In older subjects, NREM stage 1 sleep exhibited a consistent,
but negative trend for both men and women. Likewise, NREM stage 2 in young men
revealed a relatively stable profile across several ESF nights, with the exception of a
minor increase in NREM stage 2 for night N2. However, NREM stage 2 sleep in young
women was subject to far greater variability across the several nights, with a 30% initial
reduction for night N l, which improved for nights N2 through N6, relative to baseline.
In older subjects, NREM stage exhibited a similar trends for women and men, with an
initial reduction for night N l, followed by a normalization in total NREM stage 2 sleep
by night N3, and a minor variance total NREM stage 2 sleep for the remaining nights.
Interestingly, slow-wave sleep (SWS) in both young and older subjects was unaffected
by ESF for all nights, relative to baseline, suggestive of some form of conservation for
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SWS when sleep is challenged. Similar profiles were seen for total REM sleep and REM 
latency for 50-78 year old subjects, whilst in 20-49 year old subjects, both measures 
(REM and REML) remained unchanged relative to baseline.
Relative to the baseline SEI, WASO and NAW were unchanged by ESF across all nights in 
measures for both men and women.
The Self-reported measures revealed that for subjective sleep quality (sQoS) measures,
both young women and young men (20-49 years old) tended to report a minor
improvement in sQoS for night D l, with the greatest first night change observed in
women. For the nights D2 to D7, the subjective response to ESF varied around the
baseline measure. In older subjects (50-78 years old), sQoS remained relatively
unchanged, but exhibited an initial decline from D l to D3, with a peak in sQoS on D4
and a subsequent second decline thereafter. Measures of the subjective total sleep time
(sTST) revealed that both women and men reported substantial effects upon total sleep
time for the first ESF night (Dl), with women reporting a 55% reduction in sTST relative
to baseline, with sTST reduced for all nights (D2-D7) and equivalent trends noted for
both young women and young men. This effect was notably amplified in older subjects,
with an effective obliteration of the self-reported sTST in older women, with older men
reporting a reduction nearer 50%. In older women, sTST was seen to be impaired fo r all
evaluated nights (D2-D7) relative to baseline, although in older men, D2, D3, D5 and D6
suggested a subjective increase in sTST. Intriguingly, the profile for sTST in older subjects
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was an amplified but inverse profile to that presented for sQoS in older subjects. 
Whether this indicates an inverse proportionality between sTST and sQoS is open for 
further discussion. However, our initial review of this finding leads us to believe that 
sTST effectively defines sQoS. Thus, an inverse relationship between the two measures 
would be contraindicative. A minor increase, which remained constant across the 
several nights of ESF for young women and men was observed in subjective sleep latency 
(sSOL). In older subjects, sSOL exhibited a more variable profile, with a biphasic profile 
seen around D4, the greatest increases in sSOL observed in older women across all 
nights, with the exception of D7. Subjective reports of wake after sleep onset (sWASO) 
in young women and men revealed a gradual declining trend across the several nights 
of ESF. Following an initial increase of around 45% in women and 20% in men, sWASO 
then gradually declined over successive nights, so by D6 -  D7, sWASO had returned to 
baseline measures. In older subjects, significant increases were observed in specifically 
in men, where an 80% elevation in sWASO was reported for Dl, although for D2 to D7, 
sWASO varied around baseline measures. Surprisingly, older women tended not to 
report increased awakenings following ESF, with a reduction (improvement) in sWASO 
relative to baseline measures across the several nights of ESF. Statistical analysis of 
sWASO revealed a moderate interaction effect between aging and sex (p=0.0123), 
highlighting an increased report of awakenings in men compared to women when sleep 
is experimentally challenged, although much of this effect occurred in older subjects.
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Self-reported measures of the number of awakening (sNAW) and sleep restitution (sSR) 
remained relatively unchanged (relative to baseline) for both men and women following 
ESF.
5.3.4 Sleep fragmentation: Effects on Sleep topography
Figures 5-4a to 5-4d present the geometric means of the power spectral density for ESF 
nights 1 through 7, relative to baseline, along the anterior-posterior axis as a function of 
EEG frequency (abscissa). NREM sleep in young (20-49 year old) subjects: The effect of 
ESF upon sleep EEG was increasingly variable in women (relative to baseline), with the 
greatest variability noted in anterior derivations, although the EEG profile in men was 
far more predictable. However, a gradual increase in EEG power was observed in men, 
with a posterior predominance (related to baseline measures). A repeated and 
consistent peak in mid-alpha to sigma range (lO.OHz to 14.0Hz) was observed in young 
women, but absent in young men. REM sleep in young (20-49 year old) subjects: EEG 
power relative to baseline was subject to greater variability in young women compared 
to men, who exhibited little response to ESF. Substantial increases in the beta range 
were observed for women in the central derivation, although reductions were generally 
seen frontally. NREM sleep in elderly (50-78 year old) subjects: Similar profiles were 
observed for elderly men as their younger compatriots, with an increase in beta 
frequencies relative to baseline. Likewise, the NREM sleep of women failed to elicit a 
substantive response to ESF, although in frontal and central derivations, the peak in mid-
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alpha activity was again evident, but greatly attenuated. REM sleep in elderly (50-78 
year old) subjects: EEG power in REM sleep for women exhibited a varied response to 
ESF across the seven nights. The increased variability was largely confined to the frontal 
derivations, with increased unity in the power spectra derived from central and occipital 
derivations. In men, increased beta was observed, with a posterior predominance.
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Figure 5-2: Mean PSG data across 7 nights (N1-N7), relative to baseline (N-1) for men (closed circles) and
women (open circles) for young (20-49 year old) and old (50-78 year old) subjects.
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Figure 5-2: Continued
Wake After Sleep Onset (WASO) In 20-49 year old subjects Wake After Sleep Onset (WASO) in 50-78 year old subjects
100
50
0
-50
■100
N1 N2 N3 N4 NS N7N5
Night
O Women
nteraction: NS
O- Women
Number of Awakenings (NAW) in 20-49 year old subjects Number of Awakenings (NAW) in 50-78 year old subjects
100
50
0
■50
■100
N1 N2 N3 N4 NS N7N5
Night
•O Women
Interaction: NS
O Women
Latency to Persistent Sleep (IP S ) in 20-49 year old subjects Latency to Persistent Sleep (LPS) in 50-78 year old subjects
100
50
0
■50
■100
N1 N2 N3 N7N4 N5 NS
Night
100
Interaction: NS
50
0
■50
■100
N1 N2 N3 N4 N5 NS N7
Night
— Men — Men
O Women O Women
176
Figure 5-2: Continued
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Figure 5-2: Continued
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Figure 5- 3; Mean self-reported sleep measures across 7 nights (N1-N7), relative to baseline (N-1) for men
(closed circles) and women (open circles) for young (20-49 year old) and old (50-78 year old) subjects.
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Figure 5-3: Continued
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5.4 Chapter Discussion
In the present study, we examined age and sex differences in objective (PSG & sleep EEG) 
and self-reported measures of sleep in healthy adults aged 20-78yrs over several night of 
sleep fragmentation. Our findings revealed a number of prominent age-related effects 
across numerous sleep variables, with less obvious sex-dependent effects relative to 
baseline. A number of noteworthy age*ESF interactions were also observed with regard 
to TST, SEI, NREM stage 2 and REM sleep. Likewise, sex*ESF interactions were only 
observed for SWS. Age*sex*ESF interactions were only observed in the measure of TST. 
Although self-reported measures were sensitive to the effects of the model (ESF), and 
revealed prominent effects when evaluated against age and sex, the age*sex*ESF 
interaction was seen in sWASO, where reports of wake were seen to increase in older 
men upon initial exposure to nocturnal sleep fragmentation, but not in young or older 
women. In young subjects and relative to baseline, increased power in the mid-alpha 
range was observed with a frontal-central distribution, evident in women but not in men. 
An increase in beta activity across ESF night was observed in NREM sleep in both young 
and elderly men, a tendency not reflected in women. In REM sleep, a greater variability 
in the response to ESF was observed in young women, especially in frontal derivations.
As the brain can never be completely isolated from the external environment, our primary 
aim in this study was to control both the nature and frequency of psychobiological stimuli 
designed to disrupt sleep. Furthermore, we also made comparisons relative to a baseline 
measure rather than raw scores. Finally, prior to the first experimental (baseline N-1), we 
imposed a 2 night habituation period within a 21 day period where subjects sleep
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propensity was regulated to ensure nominal sleep debt prior to the application of 
experimental challenge to sleep. We believe this approach minimized potential first night 
effects reported previously (le Bon et al., 2001) and perceived resistance to the nocturnal 
stimulus due to extraneous factors (Larsen et al., 1995). Furthermore, by limiting the 
study population to subjects who scored 5 or below on the Pittsburgh Sleep Quality Index 
(PSQI) allows us to surmise that prior to experimental sleep fragmentation, all subjects 
had a normal perception of sleep quality, unbiased by previous experiences or 
comorbidity. Additionally, there remained a suggestion that sex differences in sleep, 
while subtle under baseline conditions, may increase in magnitude under biological or 
environmental challenge (Armitage etal., 2000). This was a central to our methodological 
approach for this exploratory analysis and is well supported by epidemiological data, with 
the previous chapters (chapter three and four), presenting evidence whereby 
environmental challenges to sleep would theoretically provide differential responses with 
aging and between sexes. Furthermore, the presentation of arousing stimuli at various 
periodicities during sleep has often been used to fragment sleep in a controlled and 
reproducible fashion (Roehrs et al., 1994), is considered to be a statistical and 
experimentally valid method of challenging sleep (Cluydts et al., 1995; Emegbo et al., 
2003), and provided a suitable method to effect a subtle challenge to sleep. The 
theoretical basis for our approach was originally evidenced by Latta and colleagues, who 
demonstrated a pronounced reduction in total sleep time, SWS and absolute delta activity 
in females compared to males during nocturnal blood sampling, via indwelling catheter 
(Latta et al., 2005).
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In the current study, sleep variables of young subjects were similar to those reported
previously for the consecutive nights of ESF (Cluydts et al., 1995; Stone et al., 2001).
FI owe ver, the presence of an interaction between individual's age, sex and the effect of
experimental sleep fragmentation upon objectively measured total sleep time (TST) and
self-reported wake after lights off (sWASO) has not been described previously in the
literature, to the best knowledge of the author. This provides a compelling indication that
under experimental challenge, core components of sleep continuity and the subjective
experience of wake are differentially modified along age and sex lines. Where our findings
differ from the literature is the polarity of the subjective finding, with TST and sWASO
both unaffected by ESF in young women and men, but notable effects observed
specifically in measures for older men {please note: a negative change in sWASO is
indicative of an improvement or reduction in subjective repots of wake following sleep
onset). This suggests that the sleep of older men was subject to quantitative (PSG) and
qualitative (self-reported) modifications in older subjects. Furthermore, the reduction in
TST for men was achieved without increase in two primary objective markers of cortical
arousal; WASO or NAW. Rather a reduction in the time from sleep onset to the final
awakening (sleep period time - SPT), was the origin for this finding. Although the changes
to SPT were not formally evaluated within this thesis (see tables 5-2a & 5-3a for basic
statistical comparisons for age and sex-specific effects), SPT was noted to decline across
nights in older men to a greater extent than was seen in women. Given that the declines
in sleep offset time and early morning awakenings are well documented in middle-aged
(Lack et al., 2005) and elderly populations (Fiorentino & Martin 2010), this is not an
unexpected finding, even if the manifestation was somewhat atypical. Therefore, our
results provide limited indications that when sleep is challenged, elderly individuals tend
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not to awaken but the duration of sleep is curtailed more readily. This may explain some 
of the reported increases in incidents of maintenance insomnia, non-restorative sleep and 
early morning wake reported in older populations. Whilst all participants in this study 
were free of pre-existing or extemporaneous sleep disorders, this may not be the case for 
elderly subjects within the general population, where comorbid conditions are likely to 
be present a may act as an additional disruptor of sleep. Cross-sectional and prospective 
studies have illustrated that chronic pain, depression and insomnia co-occur and are 
mutually interacting conditions (Krakow et al., 2012; Hofmann et al., 2012), although the 
mechanisms underlying these comorbid conditions are not fully understood. However, 
an overlapping mechanism of age-related declines in EEG power amplitude, leading to a 
lowering of the arousal threshold with a concomitant increase in cortical arousal, together 
with supplemental factors such as hormonal changes (Bonnet & Arand 2010), circadian 
rhythmicity (Munch et al., 2010) and alterations in homeostatic processes (Van Someren 
2000; Schmidt et al., 2012), may underlie the development and interplay of these 
disorders.
On the surface, these findings are generally in support of Dr Latta's earlier work, where
they reported that women had more sleep disturbances due to the presence of an
indwelling catheter during sleep (Latta et al., 2005). Whilst we did not perceive a
noteworthy difference between the NREM delta activity of women and men when sleep
was challenged, a noteworthy increase in alpha activity in young women was observed.
As the hyperpolarization of the thalamocortical and cortical neurons is critical for the
generation of EEG signals up to the sigma band, and is also related to the cellular and the
neuronal responsiveness to the external environment (Elton et al., 1997), this further
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supports the position of an age-related attenuation in cortical activation. Furthermore, a 
consistent and reproducible effect (over 7 nights of ESF) was observed in the mid-alpha 
range, during NREM sleep of young women and relative to baseline measures. EEG power 
was seen to increase in fronto-central derivations, with effects more diffuse in posterior 
locations and was selective for young women. Furthermore, regional differences have 
been described in the adjacent spectral bands along the anterior-posterior axis 
(Buchsbaum et al., 1982; Werth et al., 1996). This provides a minor indication towards a 
frequency specific sex-dependent response which is attenuated with both age and 
topographically. Furthermore, we were able to demonstrate that both young and elderly 
men expressed more power in the NREM beta frequencies, relative to baseline, features 
which are consistent with non-restorative sleep and insomnia (Buysse et al., 2008, ; 
Buysse et al., 2011). Therefore, the increases in beta activity afford greater de- 
synchronization in sleep EEG in men during NREM sleep, which may reflect a sex-specific 
modification in cortical arousal in sleep.
In REM sleep, an increased variability in EEG power was observed in response to ESF,
especially within fronto-central derivations and in elderly women. Normally, during REM
sleep, synchronization of thalamocortical neuronal firing in the low frequencies are
quiescent. As such, delta activity during REM sleep should therefore reflect the
background EEG activity. Hence, the absence of a specific delta activity response to ESF
during REM sleep was viewed as an indication that the differences in the sleep of men
and women reflected a change in physical characteristics rather than changes to the
neuronal chemistry. In contrast, a variable response to ESF was seen in both young and
older women for all topographic regions, suggesting that the mechanisms generating
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delta activity may not be fully quiescent during REM sleep for women, especially when
sleep is challenged. Whereas for men under the same experimental conditions, the
quiescence of delta activity is maintained. Secondary to this, a sex-specific modification
of high EEG frequencies was evident, with a reproducible increase in beta activity in older
women following ESF, a feature not replicated in older men. However, young women also
exhibited an increase in beta activity of a similar magnitude in central derivations only.
Furthermore, frontal derivations exhibited a reduction in beta EEG activity following ESF
and relative to baseline. This suggest that with aging there may be sex-specific increases
in the variability of the cortical activation response to ESF, with older women subject to
the greatest variance. Given that REM sleep represents a highly aroused brain state
during sleep, a notable omission from our analysis was a measure of cortical arousal such
as the identification and quantification of microarousals. The arousal index would not
only establish the level of disturbance from ESF, but would have aided our delineation of
the increased variability in the REM sleep of older individuals. Furthermore, an increased
arousal index in REM sleep has been observed in middle-aged primary insomniacs
compared to control subjects, with REM sleep contributing strongly to self-reported
estimates of wake (Feige et al., 2008). This suggests that the process within REM sleep
may contribute to the subjective perception of sleep, and may elicit additional
modifications to self-reported measures, if REM sleep was disrupted explicitly. Within
our analysis, a clear differential response to ESF can be seen between women and men,
relative to baseline measures, with greater variability in the sleep of women. However,
in the absence of a measure of EEG arousal, we can only theorize that the distortion and
variability in the response to ESF noted in the REM sleep of older women may facilitate
some of the subjective /  objective mismatch often reported in the literature, and also
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seen in this exploratory analysis. Our position is additionally supported by the reductions 
in self-reported total sleep time (sTST), where the greatest declines across all nights of 
ESF were observed in older women. Moreover, REM sleep is also known to modulate 
emotional processing, with reductions in REM sleep resulting in emotional reactivity at 
both behavioral and neural levels (Rosales-Lagarde et al., 2012). When taken together, 
these findings might be interpreted as an indication that minor modifications to REM 
sleep may increase the subjective perception of wakefulness during sleep and reduce the 
ability for the brain to attain an adequate level of emotional responsiveness for the 
pending wakefulness (Walker & van der Flelm, 2009). The reduction in emotional 
responsiveness may manifest as enhanced emotional excitability in the subsequent wake 
period (Das & Mallick 2008). This may result in a subjective experience of non-restorative 
sleep with concomitant emotional irritability, which is more prevalent in women. 
Whether such modifications to REM sleep elicit an increase in the incidence of psychiatric 
(e.g. depression and anxiety) and comorbid disorders of sleep (e.g. primary insomnia) in 
women will be discussed further in the chapter six.
In conclusion, our data provides a tentative account of aging and sex-specific effects when
sleep is subjected to experimental challenge. ESF promoted a number of aging-related
differences in sleep between young and older individuals in NREM sleep, with REM sleep
revealing a greater association to an individual's sex and effects upon self-reported
measures of wake after sleep onset revealing statistically significant effects. However,
our findings are largely in keeping with the current literature, with the sleep of men
subject to greater change in objective measures of sleep with aging. With the increased
prevalence of depression and insomnia in older females, and our ability to demonstrate
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features which were subjectively indicative of non-restorative sleep in healthy individuals 
free from sleep disorder raises a pertinent question in regard to our understanding of the 
pathophysiology of non-restorative sleep and insomnia. Our data illustrates that under 
experimental challenge and with normal aging, objective measures of sleep change such 
that the sleep period is more reduced with age in men, and the different subjective 
estimations of sleep in women may be related to effects on REM sleep. Historically, much 
of the research into the effects of aging and sex have focused upon NREM sleep, given 
the theorized role of slow wave sleep in sleep homeostasis. Therefore, a greater focus 
should be placed upon the kinetics of REM sleep. Whilst the absence of a direct measure 
of cortical activation (arousal index) was a notable omission on our part, successive 
analysis would certainly address this issue and should focus upon the time-course of 
cortical arousal propensity. Moreover, further research of the response to specific cortical 
challenge modalities, such as a mismatch negativity test in REM sleep would present 
further clarification of the role of sex-specific effects upon REM sleep in subjective 
estimations of sleep. Whilst we concur that an extensive amount of research is still to be 
done to fully answer this issue, we view these findings as an initial step in answering the 
question of the objective -  subjective mismatch, and may also further our understanding 
of how the natural changes to sleep propensity may elicit specific symptoms consistent 
with insomnia, providing a factor in the increase prevalence of the disorder in older 
women.
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CHAPTER SIX
Age and Sex Differences in Human Sleep: Objective versus self-reported 
measures in healthy adults - In Conclusion
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6.0 Chapter Introduction
In the final chapter, further context will be given to the present research, as well as 
attempting to delineate the importance of age and sex to current sleep research. 
Secondly, how the data presented in this thesis adds to  the current knowledge in regard 
to  the age and sex effects upon normal sleep and sleep fragmentation and discusses the 
implications of the evolution of normal sleep and the diagnosis of insomnia. Finally, the 
chapter concludes with a discussion of the limitations in this research and further avenues 
fo r research.
6.1 Age and Sex Differences in Human Sleep -  Summary of main findings
This exploratory analysis of the objective and self-reported measures of sleep has
attempted to  demonstrate the nature of age-related and sex-specific effects upon sleep 
measures, under normal and experimentally challenged conditions in 181 healthy 
subjects. This exploratory analysis was approached w ith the hope that our data would 
enhance the clarity of our understanding of normal sleep, delineate the nature of the 
changes to normal sleep between members of both sexes and across the lifespan, and to 
better understand if such differences in sleep afford differential outcomes from sleep. To 
this end, three primary aims fo r this exploratory analysis were made:
i. To define the nature of aging and sex-related effects upon sleep.
ii. To evaluate the inter-relationship between objective (PSG & spectral) and
subjective (self-reported) measures of sleep.
iii. To assess the influence of these age and sex upon sleep propensity when sleep is 
experimentally challenged.
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The data from exploratory analysis is presented in three experimental chapters (three, 
four and five), the findings from which provide the framework for this concluding chapter. 
Firstly, a summary of the main findings from this exploratory analysis is presented. Then 
a focus is placed upon the primary outcomes of this exploratory analysis by addressing a) 
the outcomes which endorse current perspectives, b) novel findings which enhances the 
current literature.
6.1.1 Summary of main findings
A summary of the main experimental findings from our exploratory analysis are as 
follows:
•  Compared to self-reported sleep measures, PSG measures are more sensitive to 
the effects o f both aging and sex upon the primary markers o f sleep continuity and 
sleep architecture.
•  Objective changes to sleep measures indicate that the sleep of men is subject to 
greater modification compared to women by objective measures.
•  In healthy subjects, free from sleep disorders and w ithout interventions, self- 
reported (subjective) measures o f sleep lack the sensitivity to  detect age and sex 
differences.
•  EEG power declined w ith age in the low frequencies (delta & theta), but increased 
with high frequencies (alpha & sigma).
•  The effects of aging upon EEG power spectra in NREM sleep was "topographically 
global" in men, whereas differences were more "regional" in women.
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•  In the sleep EEG power spectra of REM sleep, the most prominent age-related 
effects in men were observed in posterior derivations, whereas women exhibited 
more frontal effects,
•  Multiple nights of sleep fragmentation (ESF) elicits a number o f group effects by 
both age and sex. Age*sex*ESF interactions were observed in total sleep time 
(TST) and the self-reported measure of wake after sleep onset (sWASO), 
illustrating that ESF reduced TST in young women, w ith less modification to total 
sleep seen in older women, and w ith older men subjectively reporting more wake 
episodes following sleep onset than women.
• Subtle variations in the sigma EEG power spectra between women and men (as 
defined by effect size), provides limited evidence that sex-specific differences may 
be evident from the 3""^  decade of life (20-29 years old).
•  Under experimental challenge and with aging, objective measures of sleep may 
vary around the resistance to  early morning wake.
•  Increases in beta EEG amplitude signal following experimental challenge to  sleep 
was evident across all topographic regions in men, a response which was absent 
in women. Likewise, the REM sleep of women exhibited an increased variability 
in the response to experimental fragmentation relative to men.
6.1.2 Study outcomes that endorse current perspectives
With the current perspectives upon the influence of aging and sex (gender) upon sleep
measures broadly laid out in chapter one, a number of findings were supportive of the
general views on aging and sex effects upon sleep. In chapter three (Age and sex
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differences in self-reported and polysomnographic measures o f sleep o f healthy adults), 
we found that the sleep of healthy adult men was subject to greater modification w ith 
normal aging than that of women, findings largely consistent w ith previous research 
(Elhers et al., 1997; Carrier et al., 2001; Dijk et al., 2010; Robillard et al., 2010;). A further 
finding from our research was the attenuation of the EEG waveform amplitude in 
frequencies up to  ll.OHz, w ith aging. We also identified additional sex-specific effects in 
PSG measures which appear to emerge w ith aging. In spite of the fact that a number of 
studies have presented similar findings, only the work of Elhers and Carrier and their 
respective co-workers have described similar outcomes in young to elderly healthy 
subjects (Elhers et al., 1997; Carrier et al., 2001). These findings were further reinforced 
by our findings described in chapter four [Age and Sex Effects upon Sleep Measurements: 
Spectral EEG & topographic changes In healthy adults), where the greatest attenuation in 
EEG power was seen in older men compared to  young subjects. An investigation into the 
influence o f age on EEG frequency bands in NREM and REM sleep o f 59 male subjects by 
Mann & Rosckhe made similar observations, although their research was a correlational 
analysis where frequency components of each vigilance state was related to  age (Mann 
& Rosckhe, 2004). They concluded that aging interacted w ith sleep in a complex manner, 
especially in the low frequency range, w ith effects influencing the successive sleep cycles 
across the night, as well as the microstructure of sleep, although they did not afford a 
unifying mechanism for their conclusions. Our data also supports the previous 
observations that normal aging was associated w ith marked declines in EEG power up to  
ll.O Hz (Dijk et al., 1989; Landolts et al., 2001; Carrier et al., 2001), but additionally 
demonstrated these effects up to 16.0Hz and in both men and women.
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A number of sex-specific, localized aging effects across the three investigated topographic 
derivations (Fz, Cz and Oz) was illustrated, w ith specific effects observed during NREM 
sleep. This is in accordance w ith previous research showing that sleep homeostatic 
processes exert a greater effect upon anterior regions, w ith aging reducing the scale of 
homeostatic dissipation of low frequency (slow wave) components in both men and 
women, w ith a more widespread effect noted in women (Robillard et al., 2010). Likewise, 
the dynamics of SWS exhibit major changes across the adult lifespan (Landolt et al., 1996; 
Dijk et al., 2006), w ith sex differences noted for all age bands studied, w ith women having 
more SWS during normal sleep than men (Carrier et al., 2001). Our findings generally 
support this position, although the question arises as to whether these differences reflect 
aging and sex-specific effects upon sleep regulatory processes /  mechanisms? However, 
in essence, it is the functional role of these changes which is of importance to modern 
sleep research, but ultimately remains poorly understood. Understanding the functional 
impact of aging and any differential effects between men and women is of greater interest 
because many more elderly women complain of poor or non-restorative sleep, such as 
insomnia. In fact, a study by Buysse and colleagues o f the spectral analysis of the sleep 
EEG of primary insomniacs suggests that SWA and beta frequency kinetics differs between 
male and female insomniacs compared to  controls, w ith women having greater spectral 
power in both frequency ranges (Buysse et al., 2008). Surprisingly, Buysse et al., found 
that men did not differ from controls with respect to  these variables.
6.1.3 Novel findings from this exploratory analysis
W ith respect to spectral EEG measures, relatively little  attention has been given to the 
nature of sex-specific differences in sleep, w ith a notable caveat for slow wave activity.
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Much of the historical research has shown the night-by-night dissipation of SWA in NREM 
sleep occurs independently of age and sex, w ith the greatest rates o f SWA loss seen in 
frontal derivations (Robillard et al., 2010). Our results show that the regional topographic 
differences found in the present study and reported in the literature extend beyond 
NREM sleep, but also modify REM sleep, are not limited to  SWA and exhibit sex-specific 
regional effects in both vigilance states. We found a number of distinct regional 
differences in NREM sleep, w ith slow wave and sigma activity the only areas of the power 
spectra notably modified by both aging and sex. The attenuation of NREM sleep EEG 
amplitude in men was found to  be a "topographically global" event, w ith differences 
between young and old men observed across more of the cortical mantle and across the 
majority of frequency bins. Women however, exhibited a more distinct and regional foci 
fo r effects, w ith increased spectral power across high frequency domains in NREM sleep. 
Conversely, the observed aging and sex effects in REM sleep were seen to  have a 
"regional" tendency in men, w ith effects observed principally in the posterior derivations, 
and w ith women showing a more frontal loci for age-related differences. However, our 
findings also indicate that the sex-specific effects in the sigma activity of REM sleep was 
evident across all topographic derivations, w ith greater power densities in this frequency 
band in young women relative to men, w ith a prominent posterior-anterior gradient.
Previous studies of sleep at night in older adults have found that the sleep of older women
is of better quality than that of older men, although older women have been reported to
have more complaints about the ir sleep than older men (Vitiello et al. 2004). Likewise,
reduced sleep quality and increased awakenings have been reported in older compared
to younger adults when sleeping at habitual times, and greater sleep disruption when
200
the ir sleep is at adverse times (O'Donnell et al., 2009). The present investigation revealed
that under experimental challenge, sleep across the adult life course varies around the
resistance to  early morning wake and around sex-specific effects upon REM sleep. In
chapter four, we theorized that the specific modifications to the REM sleep of women,
when sleep was experimentally challenged may reduce the level of emotional
responsiveness fo r pending wakefulness (Walker & van der Helm, 2009) and therefore,
the subjective perception of wakefulness during sleep. To adjoin the effects in early
morning wake and the effects upon REM sleep seen in women presents a new theoretical
basis from which to  define normal changes to sleep. Where changes to NREM sleep would
define the spectral and PSG (objective) aspects of normal sleep, w ith REM sleep denoting
the self-reported (subjective) outcomes of sleep. Furthermore, as all subjects in this
exploratory analysis were free of sleep pathology, w ith normal perceptions of their sleep
quality, and as such, the changes observed w ithin this analysis should be viewed as
"typical" changes to  sleep. Furthermore, such conclusions are largely independent of the
usual markers of increased cortical or physiological arousal, considered diagnostically
important fo r a diagnosis of insomnia, although we were comforted by the quantitative
EEG findings. Increased high-frequency EEG power during sleep is considered to  be an
indicator of hyperarousal and is assumed to reflect the level of cortical activation (Perlis
et al., 2001), features described in both chapters four and five. Therefore, our findings
suggest that normal aging may elicit modifications to objective measures o f NREM sleep
in healthy subjects, consistent with insomnia, w ith subjective modifications due to
changes to REM sleep. Additional work is required to fully understand and replicate the
mechanisms by which REM sleep modifies the subjective perception of pending
wakefulness, although our findings suggest a putative role for REM sleep in the
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management of insomnia and non-restorative sleep. However, we believe that the 
current report adds important information to the field.
6.2 Considerations for age and sex differences in sleep research
Berry and Colleagues stated that "sleep researchers invariably struggle w ith decisions 
regarding the optimal design fo r their studies" (Berry et al., 2006). Effective application 
of research methodologies is a topic of research alone, and beyond scope of this thesis. 
Rather, the impact of the natural variations in sleep associated w ith aging and between 
sexes is the primary focus here. The primary findings from our research w ith a potential 
impact upon research design are:
• The utility  o f objective or subjective measures in sleep research
• The effects o f aging across the adult life course, natural variability in measures
6.2.1 Objective versus subjective measurement of sleep
Although the debate over the utility of objective or subjective measures of sleep cannot
be fully resolved w ithin the covers of this thesis, it is hoped that the findings from this
exploratory evaluation provides some illumination to  the debate. However, before going
further, one must first address the issue around the planning and methodological issues
within this study. In any study design, the question which often arises is whether to  obtain
direct measures of the change or measure the response of the patient or individual. Both
are valid and widely accepted research approaches, determined by the nature o f the
hypothesis being tested and the most effective outcome measure. W ith this in mind, we
must accept that this study may have some lim itation due to the exploratory nature of
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our (re)analysis. The ideal scenario would have maintained a greater focus upon the 
myriad of extrinsic factors which may influence both objective and subjective sleep 
quality. For example, a number of epidemiological studies have shown that social 
position closely predicts the subjective sleep quality, sleep fragmentation and daytime 
tiredness (Vitello et al., 2004; Geroldi et al., 1996; Friedman et al., 2007). However, 
household income and educational status are also strong determinants of both objective 
and subjective sleep quality (Ohayon et al., 1997; Moore et al., 2002). To have included 
either factor in the evaluation would have helped to  focus our conclusions ad further 
reinforce our findings. Regrettably, such measures were not recorded in the original 
study and thus not available for inclusion in the subsequent analysis. Furthermore, the 
ideal research scenario would enable a closer comparison between the members of both 
sexes by age. Although the number of subjects in each group was almost comparable 
(92/89 - women/men), the difference between the mean age within each cohort was 
almost a decade (51.19/41.81 year old -  women/men). W ithin our analysis, we address 
this noteworthy lim itation by stratifying each group by age and in accord w ith a highly 
cited and well received research methodology (Ehlers et al., 1997). Although this enabled 
us to  perform direct comparisons between men and women by age band, it reduced the 
equality in terms of the distribution of subjects in each group.
What became very apparent during the production of this thesis was the comparative lack
of sensitivity of the subjective measures. Of the utilised subjective measures w ithin this
thesis, only one interaction [age*sex*ESF) was detected in subjective wake after sleep
onset (sWASO). This does not confer any absence of subjective sensitivity, but as
hypothesised in the discussion of chapter three, in the absence of sleep pathology,
203
intervention or disruption of sleep, and in subjects w ith normal perceptions of sleep 
quality, the resolution of subjective measures may be greatly reduced to such a level that 
it may be impossible to observe subjective change on a statistical level. However, 
Cushman and Rosenberg expressed some caution over the interpretation of subjective 
measures. They identified that in experiments where tests fail to f it  the user profiles, the 
opinions and preferences of the intended users may not be accurately measured. 
Furthermore, self-reported measures may be distorted by biasing effects (e.g. the halo 
effect) and the influence of events in the recent past affecting current perceptions 
(Cushman and Rosenberg, 1991). Although we attempted to control for these extraneous 
effects, no study can fully ensure that these measures are mitigated. Rather, appropriate 
and inclusive appreciation of these influences is essential fo r subjective measures to  have 
any research efficacy.
The utility  of objective data has already been described w ithin the scope of this thesis and 
w ithin the wider literature. However, whilst the inherent robustness o f objective 
measures lies in the ability to  observe data w ithin individual free of personal bias, it 
cannot effectively describe the feeling o f tiredness or restitution, the very component 
central to our understanding of sleep. Objective sleep measures invariably can only 
observe one point in time, in effective isolation. Whilst this would be ideal w ith in a clinical 
trial or when observing the response to an intervention, fo r example sleep deprivation, it 
limits overall efficacy of objective measures in the absence of a comparator, a known issue 
for this trial. Furthermore, within clinical practice, the patient reported history of poor or 
non-restorative sleep provides a significant component of a clinical diagnosis. So much
so that the diagnosis of a number of sleep disorders is based solely upon this method.
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This point was clearly demonstrated by Orff and colleagues in a study investigating the 
discrepancy between subjective and objective performance in primary insomnia (Orff et 
al., 2007). They established that patients w ith primary insomnia report sleep to be worse 
that ascribed by PSG measures and accredited this to  a phenomenon akin to sleep state 
misperception insomnia, where the perceived deficits are reported more acutely than can 
be determined by objective measures, leading to the discord between subjective and 
objective measures. Our findings also afford direct, sex-specific modifications to REM 
sleep kinetics as a possible factor in subjective estimations of sleep propensity as a 
plausible mechanism for the increased prevalence of insomnia symptoms in women.
Based upon the conclusions from our exploratory analysis, we would propose the 
following considerations:
•  Both objective and subjective data should be captured w ithin a research 
design, to  complement the other measure (Cushman and Rosenberg, 
1991).
•  Sleep data should be measured relative to baseline or against an 
intervention.
•  Some measure of the extrinsic factors should be made and considered in 
regard to  subjective responses (e.g. socioeconomic & marital status, 
habitual sleep time, etc.).
•  Spectral power amplitude measures should be normalised when 
evaluating sex effects.
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6.2.2 Sleep between the sexes and across the adult life course: a natural variability in 
sleep measures?
Much of the perceived variability in sleep measures has already been defined w ithin the 
research literature and w ithin this thesis. Our findings further reinforce this position, and 
extend this perspective by establishing that in healthy participants, self-reported 
measures are not as sensitive to aging and sex-specific effects as objective measures. 
What we have been unable to ascertain from this research is whether comorbid 
conditions, such (e.g. nocturnal pain) or sleep disorders accentuate the natural variance 
by age and/or between the sexes. However, our results extend the debate on the 
influence o f aging and sex upon sleep measures by observing both subjective and 
objective sleep outcomes and establishing the differential evolutions of sleep 
components across the life course between the sexes. Furthermore, we extended our 
analysis further by applying a logistic regression technique to the PSG variables to  provide 
an estimate of the changes between the men and women.
Graphical depictions of age trends in sleep PSG variables over adult life span fo r our 181 
subjects are detailed in figures 6-la  (for men) and 6 -lb  (for women). In relation to  the 
objectives of this study, the following conclusions can be drawn from this exploratory 
analysis:
•  WASO increases with age, with the greatest rate of growth was seen in men, 
although a similar rate in increase was seen in older women (+70 years old).
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•  REM sleep was relatively consistent across the life course in men, although in 
women, a further attenuation in total REM sleep was observed in women aged 
+50 years old.
•  SWS declined steadily fo r both men and women across the life span, although the 
greatest declines were seen in men.
•  NREM stage 2 sleep was largely unaffected by age and did not change significantly 
between sexes.
•  A larger proportion of sleep was conserved as NREM stage 1 sleep in men, with 
the greatest increases seen in +60 years old subjects.
•  Sleep onset latency (SOL) remained relatively consistent across the life span and 
did not exhibit noteworthy sex/gender differences. In contrast to a number of 
research publications (for reference see Ohayon et al., 2004), SOL remained 
relatively consistent although the proportion of the sleep period conserved as SOL 
was slightly greater in women.
These findings provide a compelling narrative w ith regard of the nature of the influence 
aging and sex exert upon sleep parameters. However, we wished to extend this beyond 
the original scope of the analysis. Table 6-1 reports the estimates of the age-related 
change to various sleep parameters, based upon a logistic regression of PSG variables.
The following conclusions can be drawn from this exploratory analysis:
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•  Sleep efficiency (SEI), latency to persistent sleep (LPS), the number o f awakenings 
(NAW) and total REM sleep (REM) exhibited proportionate declines men and 
women w ith aging.
• Although the changes in tota l sleep tim e (TST) were proportionate between sexes, 
the overall estimate revealed that men lost over 100 minutes of sleep across the 
life course, with women losing an estimated 80 minutes.
•  NREM stage 1 sleep in women showed a minor reduction compared to men. 
Likewise, a similar profile was seen for NREM stage 2 sleeps and Sleep Onset 
Latency (SOL), although surprisingly, SOL in women appears to  improve w ith aging.
•  Consistent with the literature. Slow Wave Sleep (SWS) showed greater declines in 
men compared to women. Interestingly, the estimated change in SWS showed a 
35 minute decline in women, with a 3 fold decline (~98 minute) in men.
• Significant increases in wake after sleep onset (WASO) were observed for both 
men and women.
Our results largely support the position that healthy aging is accompanied by a decline in 
sleep consolidation (Dijk et al., 1999). Furthermore, the nature of this decline is 
prominently manifest as an increase in WASO and decline in SWS. Where our data 
extends the current knowledge is through the inclusion and illustration of the sex-specific 
effects on sleep measures across the adult life span. The attenuation of the circadian 
signal amplitude w ith age (Duffy et al., 1998) and an impairment of homeostatic sleep- 
wake regulation (Dijk et al., 1999) have been proposed as potential contributors to  the 
age-related component of such changes. As our aims did not focus upon the circadian
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nor homeostatic regulation, we were unable to fully explore this component of the SWA 
response, and in regard to our analysis o f the effect of experimental sleep fragmentation 
does not fu lly answer the question of the influence of aging and biological sex upon 
homeostatic sleep regulation. However, it would be controversial to assign these changes 
to aging per se or to  some dysfunction of the sleep/wake system. Furthermore, our 
supplemental regression analysis assumes a level of linearity w ith regard to the nature of 
the relationship between each sleep parameter and aging. Given that normal aging is not 
always a linear process, and is influenced by extrinsic factors such as pathology, caloric 
intake, socioeconomic and educational status, such an assumption is theoretically 
incorrect w ith regard of the primary markers of sleep continuity (e.g. SEI, TST or SOL) and 
w ithin the general population. Unfortunately we were unable to perform a similar 
regression analysis w ith subjective measures, due to  the non-conformity of the self- 
reported measures to  the analysis method. However, older adults tend to  report an 
increase in early morning wakefulness, sleep onset latencies, nocturnal awakenings and 
time in bed, and decreased total sleep time compared to  younger adults (Roepke & 
Ancoli-lsrael, 2010).
W ith our data and the literature demonstrating several known physiological changes to
sleep propensity w ith normal aging, w ith additional effects between sexes, the
adjustments to  sleep quality and sleep quantity may be the most difficult to address. A
number of research studies have shown sleep to  be more vulnerable to  external challenge
in older adults (Roehrs et al., 1994; Foley et al., 1995), although sleep complaints are
relatively common among patients of all ages (Ohayon et al., 2004; Arber et al., 2009;
Buysse et al., 2008). While changes to the constitution o f sleep are certainly evident
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within our data set, this did not necessarily imply that sleep was disturbed along aging or 
sex-specific lines. Rather, in the absence of external factors, the general stability of sleep 
appears to decline, with an increase in cortical arousal, evident most prominently with 
aging and additionally by sex. Such markers of cortical arousal are also diagnostic 
markers of insomnia. Whilst the aetiology and pathophysiology of insomnia remains 
mostly unknown, increased cortical and physiological arousal are primary markers o f the 
disorder (Buysse et al., 2008), features consistent w ith our findings. Insomnia w ithin the 
general population is most often a comorbid disorder w ith medication use, medical or 
psychiatric illness. Foley and co-workers found that in a population of 6800 older adults 
w ith insomnia, only 7 percent had symptoms w ithout comorbid conditions (Foley et al., 
1999). Likewise, Buysse et al., in the Journal o f Sleep described a bi-directional 
relationship between insomnia and mood disturbance, such that insomnia increases the 
risk of developing depressive illness (Buysse et al., 1994). What remains however, in the 
absence of comorbid pathology, such changes in measures of sleep should be deemed 
permissible w ithin normal primary aging. Furthermore, the normal evolution of sleep 
elicits noteworthy changes consistent w ith features of insomnia, giving rise to  the 
potential misdiagnosis of the disorder in otherwise healthy individuals. This is not to 
underplay the significance nor diagnostic robustness o f current diagnostic investigations 
fo r this disorder. Insomnia is a significant public health issue, leading to loss of 
productivity, accidents and comorbid conditions including depressive and anxiety 
disorders, as such, what our data alludes towards is the fact that normal aging produces 
features consistent w ith this findings along both subjective and objective measures.
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Traditional treatments for insomnia and comorbid conditions has focused on sedation, 
w ith hypnotic agents (e.g. non-benzodiazepines), or by treating the comorbid condition 
(e.g. w ith anti-depressants). While several different classes o f medication are used to 
treat insomnia, there are a number of risks w ith the use of such agents in older adults. 
Age-related changes to pharmacodynamic responses, reduced renal function, altered 
drug disposition and the risk of unforeseen interactions between prescriptive medications 
all have significant clinical implications w ithin an elderly population. Recent studies 
however, suggest that the most appropriate and effective treatm ent for insomnia is 
cognitive behavioural therapy (CBT-I). Behavioural treatments for insomnia counteract 
poor sleep hygiene practices and maladaptive and dysfunctional beliefs (Morgan et al., 
2003; Morgan et al., 2004). Such an approach not only resolves issues of classical 
conditioning (stimulus control), but enables a more realistic view of aspects of sleep. In 
older adults, increasing awareness that EMW is a normal occurrence w ith aging and does 
not ordinarily indicate sleep maintenance insomnia. Therefore, to  better define the 
"signs" of the normal evolution of sleep as described in figures 6-1, would empower 
patients to have a better understanding of the ir clinical symptoms and may reduce the 
attendance of older adults to  primary care. An example can be drawn from the commonly 
held position that elderly persons have an increased propensity to  nap during the day 
compared to younger individuals. However, in a study related to  this exploratory analysis 
o f 110 aged healthy adults, aged 20 to  83 year old subjects, Dijk et al., found that healthy 
aging was associated w ith a reduction in daytime sleep propensity resulting from a 
lessening in homeostatic sleep requirements (Dijk et al., 2010).
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However, a significant inadequacy to this view is that insomnia is a multifaceted disorder. 
Our position is somewhat focused on primary insomnia and not the comorbid variant of 
the disorder. As such, this position is not representative of a majority of patients w ith 
comorbid mental or psychiatric disorders, although CBT-I has been found to be efficacious 
in those w ith comorbid disorders (Jungquist et al., 2010). While this suggests that our 
findings may also hold for comorbid insomnia, further studies will need to  be conducted 
in both older and young samples w ith primary and comorbid insomnia.
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6.3 Research limitations and future research
The focus of this research was somewhat convoluted by difficulties establishing a 
framework fo r the thesis, which was distinct and afforded a novel research opportunity. 
As virtually all studies, conducted in humans will have some connection to the primary 
variables involved in this study, to allude that there is a paucity o f research in this area is 
not strictly true. Rather, the methodologies which are applied to  the data sets do not 
take into account the impact of age and/or gender. To illustrate this point, a cursory 
review of publications cited on the PubMed electronic database revealed 96,693 research 
publications had been published in the field o f sleep (up to and including December 2008 
using search string "sleep"), w ith additional limits placed on the data to remove animal 
studies. We then exported the complete abstracts for the each o f the applicable studies 
and performed an automated interrogation of the keywords listed within the citation, 
searching fo r "age", "gender" or "sex" using SAS (v9.1). The search string "gender" was 
included in this analysis due the interchangeable use in the literature when reference is 
being made to physiological and biological definitions of men and women. From this 
analysis, 8,692 publications (8.99% of total publications in "sleep") made reference in 
the ir keywords towards age or sex. This was a somewhat surprisingly low amount, given 
the known effects of aging and sex, but suggests that 1 in 10 publications may have given 
some consideration to  these effects. Therefore, w ith in this body of research, there is a 
compelling argument that the core components of the age and sex effects upon sleep 
could be effectively illustrated using systematic analysis techniques. Unfortunately, this 
was a position which was considered at the end of this process, and would be an 
appropriate supplemental analysis to this thesis.
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Our experimental population was rationalized to  exclude women w ith a hormonal mileu 
which may have adversely modified sleep during the conduct of this trial. Women with 
dysmenohorrea or menorrhagia and requiring analgesia as well as women of child bearing 
age taking progesterone-only oral contraceptives were excluded due to the known effects 
o f progesterone on sleep (Parry et al., 2006). In addition women who were on Hormone 
Replacement Therapy (HRT) or climacteric for less than one year were also excluded from 
the study. The justification for doing this was to minimize the potential impact o f sex 
hormones upon sleep, as described by Regal and co-workers, who implied that the 
existence o f any sex differences in sleep patterns is attributable to the role that sex 
hormones play in sleep regulation (Regal et al 2009). Whilst we do not dispute the 
conclusions o f Regal and others, we sort to  minimize the impact of sex-hormones on 
sleep. This means that, in regard to  women, we have a self-selecting population, given 
that a considerable proportion o f the female population will experience sleep disturbance 
related to menstrual dysfunction or menopause (Parry et al., 2006). To have elicited more 
representative population, urinalysis o f hormonal levels at screening visit (visit 2) would 
have enabled detection of follicular and luteal phases of the menstrual cycle, the point 
during which the greatest disturbances in the sleep of women are often reported.
A further lim itation to  this study was the lack of objective data regarding the occurrence 
of cortical EEG arousals. Whilst measures of sleep fragmentation were evaluated, 
increases in high frequency EEG components were not. Therefore, it is possible that 
unrecognized EEG arousals or PSG movement time events (MVTs) may have partly
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explained some of the effects attributed to aging or sex, or illustrated independent aging 
and sex-specific effects.
6.4 In Conclusion
Our research found several notable changes to  objective measures of sleep that occur
within normal aging and between sexes, w ith limited changes noted for self-reported
sleep measures. With aging, objective measures o f sleep were more sensitive than self-
reported measures to the effects of aging and sex, but also illustrated that the sleep
measures vary predominantly along aging lines w ith sex-specific effects being more
subtle. Furthermore, the sex-specific effects upon REM sleep were potential contributors
to the predisposition of insomnia symptoms reported by women. W ith known disruptive
factors excluded from our clinical population (e.g. pathology, societal pressures and
comorbid conditions), our results indicate that the normal evolution o f sleep elicits
changes in perceptual and electrophysiological parameters, consistent w ith insomnia.
What remains however, in the absence of comorbid pathology, such changes in measures
of sleep should be deemed permissible w ithin normal primary aging, giving rise to  the
potential misdiagnosis of the disorder in otherwise healthy individuals. Whilst we accept
that the pathophysiology o f insomnia and associated comorbid conditions is a complex
and multifaceted disorder, we view that education and better appreciation (within the
general population) of the potential evolution in the "perceptual nature" of sleep as we
age will aid the management of the condition. W ith the exception of insomnias w ith
comorbid conditions (e.g. depression), first-line treatments should focus upon
psychological therapies fo r insomnia (e.g. CBT-I), which are have been shown to  elicit
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better long term  outcomes fo r patients and help to  reduce the health burden of this 
condition.
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Appendix One
Experimental Studies 1 & 2 - Inclusion & Exclusion Criteria
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study Inclusion Criteria
1 Any subject who meets all the following criteria at both the Screening and the 
Baseline Visits is eligible fo r inclusion in this study:
2 The subject is able to read and understand the Subject Information Sheet, and 
study procedures
3 The subject has signed the Informed Consent Form
4 The subject has no chronic sleep complaints according to  DSM-IV-TRTM
5 Healthy males and females aged > 20 and < 30, > 40 and < 55, or > 65
6 A history of the following sleep characteristics during the past three months or 
more:
•  Bedtime between 22:00-00:00h on at least 5 of 7 nights per week
•  Reported typical nightly sleep duration between 6.5 and 8.5h
7 The subject has a BMI between 19 and 33 kg/m2 (extremes included)
8 The subject is, in the opinion o f the investigator, healthy on the basis o f a 
physical examination, medical history, vital signs, electrocardiogram, and the 
results of routine laboratory tests
9 The subject agrees not to consume alcoholic beverages 48 hours prior to 
attending the Unit and not to consume more than two glasses (118ml/glass) of 
wine or 2 bottles (354ml/bottle) of beer, or equivalent, each day from medical 
screening onwards
10 The subject agrees not to  consume more than 3 caffeine-containing beverages or 
food (coffee, tea, cola, chocolate) or >300mg caffeine, per day from the medical 
screen until baseline
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11 The subject agrees not to consume caffeine from the baseline period until 
completion of the study
12 The subject is willing to avoid strenuous physical activity from 24 hours prior to 
the baseline and throughout the study
13 The subject must not take any of the medications in the time frame specified 
prior to  the baseline as listed in Panel 2
14 The subject is registered w ith a General Practitioner (The GP will be notified of 
the subject's participation in the study)
Exclusion Criteria
1 Any subject who meets one or more of the following criteria at both the 
Screening and the Baseline visits (unless stated otherwise) cannot be included in 
the study:
2 The subject has previously participated in this study
3 The subject consumes more than 5 cigarettes per day, or the nicotine equivalent,
and is unable to refrain from smoking during the residential stages of the study
4 The subject has a score of >5 points on the Pittsburgh Sleep Questionnaire 
Inventory (PSQI) scale
5 The subject has a sleep pathology at PSG screening of the following:
•  Apnea-hypopnea index of >15/hour
•  Periodic leg movements arousal index >15/hour on the screening PSG
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6 The subject is a shift worker or maintains an irregular sleep/wake schedule 
during the preceding 1 month, or travelled w ithin the last month prior to and/or 
during the study to  a time zone more than 2 hours different to  Greenwich Mean 
Time
7 The subject has a score of less than or equal to  25 on the MMSE
8 The subject has/has had an alcohol or drug abuse problem as defined in DSM-IV-
TRTM, within 6 months prior to screening
9 The subject daily consumes more than three alcohol containing beverages, i.e. 
three glasses (llBmL/glass) of wine or 3 bottles (354mL/bottle) o f beer, or 
equivalent, each day
10 The subject daily consumes more than 5 caffeine-containing beverages
11 The subject has any clinically significant disease such as liver or renal 
insufficiency, cardiovascular, pulmonary, gastrointestinal, endocrine, 
neurological, infectious, neoplastic or metabolic disturbance
12 The subject has taken any prescribed medication according to  Panel 2 or OTC 
drugs during visit 3 (except fo r vitamins, accepted birth control medication, and 
non-steroidal anti-inflammatory drugs/acetaminophen and paracetamol for 
infrequent headaches/pains not considered to be clinically significant by the 
treating study physician). Note: In the elderly the following additional medication 
is allowed: garlic, fish oils, methylsulfonylmethane, glucosamine, Bisoprolol, 
Adcal, Hypromellose, hormone replacement therapy (HRT), Travatan eye drops, 
Simvastin, Co-amilozide, Atorvastatin, Ramipril, Lisinopril, Ranitadine, Atenolol, 
Ginkobiloba and Captopril.
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13 The subject has a positive result at screening for hepatitis, alcohol and/or drug of 
abuse (opiates, cocaine, amphetamines, cannabinoids, benzodiazepines and 
barbiturates)
14 The subject has laboratory values outside the normal ranges and considered by 
the investigator to be clinically significant
15 The subject is pregnant or breast-feeding
16 The subject has inadequate vision, hearing or manual dexterity to perform the
performance tests or use the electronic sleep diary
17 The subject, in the opinion of the investigator, is unlikely to comply with the 
clinical study protocol or is unsuitable for any reason
18 The subject has had surgery or given a blood donation w ithin the last 3 months
19 The subjects has one of the following cardiovascular conditions:
•  Angina
•  Congestive heart failure (CHF) w ith symptoms that occur at rest or 
minimal activity
•  History o f myocardial infarction w ithin the past 6 months
•  Coronary angioplasty or Coronary artery bypass graft (CABG) w ithin the
past 6 months
•  Abnormal blood pressure (subject has a systolic blood pressure of <90 or
>180 or baseline diastolic blood pressure of <50 or >100)
20 The subject has one of the following active respiratory conditions:
•  COPD
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•  Emphysema
•  Chronic asthma w ith symptoms of shortness of breath (SOB) that could
occur at rest or mild to  moderate activity
21 The subject has difficulty sleeping due to  a medical condition or emotional
circumstances. Note: Medical conditions include pain, cardiac disease, nocturia 
(> 3 times/night), hot flushes or other conditions. Emotional circumstances 
include life crises such as death, divorce and other conditions
22 The subject has started a weight-loss diet in the past 30 days
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